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O comportamento cíclico das estruturas de betão armado é fortemente 
condicionado pelo mecanismo de aderência entre o betão e o aço. O 
escorregamento relativo entre os dois materiais, resultante da degradação 
progressiva da aderência em elementos solicitados por ações cíclicas, é uma 
causa frequente de danos graves e até do colapso de estruturas devido à 
ocorrência de sismos. Entre as estruturas existentes de betão armado que 
foram dimensionadas e construídas antes da entrada em vigor dos 
regulamentos sísmicos atuais, muitas foram construídas com armadura lisa, e 
portanto, possuem fracas propriedades de aderência. A informação disponível 
na literatura sobre o comportamento cíclico de elementos estruturais de betão 
armado com armadura lisa é reduzida e a influência das propriedades da 
aderência associadas a este tipo de armadura no comportamento cíclico das 
estruturas existentes não se encontra ainda devidamente estudada. 
O objectivo principal desta tese foi estudar a influência do escorregamento na 
resposta cíclica de elementos estruturais de betão armado com armadura lisa. 
Foram realizados ensaios cíclicos em elementos do tipo nó viga-pilar, 
construídos à escala real, representativos de ligações interiores em edifícios 
existentes sem pormenorização específica para resistir às ações sísmicas. 
Para comparação, foi realizado o ensaio de um nó construído com armadura 
nervurada. Foi ainda realizado o ensaio cíclico de uma viga de betão armado 
recolhida de uma estrutura antiga. 
Foram elaborados modelos numéricos não-lineares para simular a resposta 
dos elementos ensaiados, concentrando especial atenção no mecanismo do 
escorregamento. 
Os resultados obtidos no âmbito desta tese contribuem para o avanço do 
conhecimento sobre o comportamento cíclico de elementos estruturais de 
betão armado com armadura lisa. As análises numéricas realizadas 
comprovam a necessidade de incluir os efeitos do escorregamento na 
modelação numérica deste tipo de estruturas de forma a representar com rigor 
































































































The hysteretic behaviour of reinforced concrete structures is highly dependent 
on the interaction between concrete and steel. The relative slippage between 
the steel reinforcing bars and the surrounding concrete, resulting from bond 
degradation under cyclic loading, is a common cause of severe damage and 
even collapse of reinforced concrete building structures due to earthquakes. 
Among the significant number of existing reinforced concrete buildings that 
were designed and built prior to the enforcement of the modern seismic-
oriented design philosophies, many were built with plain reinforcing bars, thus 
with poor bond properties. 
The available data about the cyclic behaviour of reinforced concrete structural 
elements with plain reinforcing bars is scarce. As a consequence, the influence 
of the bond properties on the hysteretic behaviour of existing reinforced 
concrete structures containing this type of steel reinforcement is not yet 
comprehensively understood. 
The main objective of this thesis was to investigate the influence of the bond-
slip mechanism on the cyclic behaviour of reinforced concrete structural 
elements with plain bars. Cyclic tests were carried out on full-scale joint 
specimens representative of interior beam-column connections in existing 
reinforced concrete buildings without specific detailing for seismic demands. An 
additional joint specimen, with deformed bars, was also tested for comparison. 
A cyclic test was also performed on a two-span beam with plain bars that was 
collected from an ancient structure. 
Nonlinear numerical models were built to simulate the response of the tested 
elements, giving particular attention to the bond-slip mechanism. 
The tests results obtained in the framework of this thesis contribute to the 
advance of knowledge on the cyclic behaviour of reinforced concrete elements 
with plain reinforcing bars. The numerical analyses developed confirm the need 
of taking into account the effects of the bond-slip mechanism in the numerical 
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CHAPTER 1      
INTRODUCTION, MAIN OBJECTIVES AND PLAN OF THE THESIS 
1.1 - INTRODUCTION 
The hysteretic behaviour of reinforced concrete (RC) structures is strongly dependent on 
the interaction between the concrete and the steel reinforcement. 
Cyclic load reversals, like those induced by earthquakes, lead to progressive bond 
degradation. The resulting relative slippage between the reinforcing bars and the 
surrounding concrete, which is commonly addressed as bond-slip, is one of the common 
causes of severe damage and even collapse of RC structures due to earthquakes. 
A significant number of existing RC building structures located in seismic-prone countries 
all over the world was designed and built before the 1970s, prior to the enforcement of the 
modern seismic-oriented design philosophies, thus lacking adequate ductility and specific 
detailing for seismic demands. Many of these structures were built with plain reinforcing 
bars, to which are associated poor concrete-steel bond properties. Premature bond 
degradation and significant bar slippage are expected to occur in RC structural elements 
with plain bars subjected to moderate to severe cyclic loading, making this type of 
structures particularly sensitive to the bond-slip mechanism. 
In critical regions, like base of columns and beam-column joints, the bond-slip mechanism 
can have a significant contribution to the elements’ lateral deformation hence to the overall 
response of the structures. Reduction in stiffness and in energy dissipation capacity are also 
commonly associated with the occurrence of bar slippage. The complex behaviour of 
beam-column joints, for example, is highly influenced by the concrete-steel bond 
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properties, and bond degradation can dramatically alter the force transfer mechanisms 
within the joint region, with consequent load redistribution and impact on the joint 
strength. However, bond-slip is typically neglected in the numerical analysis of RC 
structures. Also, the specifications of the modern design codes were developed under the 
assumption of perfect bond between concrete and steel. In this way, the seismic response 
of RC structures with plain reinforcing bars can be significantly different from the 
theoretical predictions. 
Despite the increasing number of research work devoted to the analysis of the cyclic 
behaviour of RC structural elements representative of non-seismic resisting structures, 
there is still a recognised lack of information about the performance of substandard 
elements with plain reinforcing bars. 
When compared to the amount of information provided in the literature for elements with 
deformed bars, namely in terms of experimental data, the information available for 
elements with plain bars is scarce. The same can be said about the concrete-steel bond 
behaviour. In fact, a comprehensive model for describing the cyclic bond stress-slip 
relationship has not yet been established for this type of steel reinforcement. 
It should be noted that an extensive experimental database (covering a wide range of 
loading conditions, typical geometrical and structural detailing characteristics, and 
materials mechanical properties) is fundamental to calibrate and upgrade numerical models 
for the adequate simulation of the cyclic behaviour of this type of elements. The 
development of simple modelling strategies, which take into account the influence of the 
bond-slip mechanism on the elements’ response, is also highly dependent on the extension 
of the available experimental database. Various modelling strategies for simulating the bar 
slippage effects are proposed in the literature, but the majority is limited to the analysis of 
specific types of elements or, in some cases, quite complex to implement. As a 
consequence of the lack of experimental data and of general and reliable models for 
simulating the bond-slip mechanism, the influence of the bond properties of plain 
reinforcing bars on the hysteretic behaviour of existing RC structures built with this type of 




1.2 - MAIN OBJECTIVES OF THE THESIS 
The main objective of this thesis was to study the influence of the bond-slip mechanism on 
the cyclic behaviour of RC structural elements with plain reinforcing bars. More 
specifically, this research aimed to: 
i) Collect and analyse relevant information provided in the scientific literature about 
the cyclic behaviour of RC structural elements with plain reinforcing bars, 
identifying needs for future research and limitations; 
ii) Contribute to the characterization of the cyclic behaviour of RC structural elements 
with plain reinforcing bars, by analysing the influence of various parameters, with 
focus placed on the bond properties, and establishing the comparison with the 
major findings from similar research work provided in the literature; 
iii) Contribute to enlarge the available experimental database on the cyclic behaviour 
of RC structural elements with plain reinforcing bars, which can be used to 
calibrate and upgrade numerical models for the adequate simulation of the cyclic 
response of this type of elements. 
In order to achieve these objectives, the work was developed in three main parts: 
i) Literature review on the main sources of seismic vulnerability of existing RC 
building structures designed and built before the enforcement of the modern 
seismic-oriented design philosophies, and on the available data about the cyclic 
behaviour of RC structural elements with plain reinforcing bars. 
ii) Cyclic tests on full-scale RC structural elements with plain reinforcing bars and 
structural detailing similar to that typically adopted in RC building structures 
designed and built before the 1970s, namely a set of joint specimens representative 
of interior beam-column connections, and a two-span RC beam that was collected 
from an existing structure. 
iii) Numerical modelling of the experimental response of the tested specimens using 
nonlinear fibre-based models and paying particular attention to the bond-slip 
mechanism. 
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1.3 - PLAN OF THE THESIS 
This thesis is organized in seven chapters. Following the introduction, Chapter 2 presents a 
review on the main sources of seismic vulnerability in existing RC building structures 
designed and built before the enforcement of the modern seismic-oriented design 
philosophies. The structural deficiencies typically found in these structures, and the main 
causes of damage and collapse due to earthquakes are summarized. Focus is placed on the 
effects of the bond-slip mechanism and on the vulnerability of beam-column joints. 
Focusing on RC structural elements with plain reinforcing bars, a discussion about the 
bond performance of plain bars, and a review on recent experimental campaigns carried 
out for assessing the cyclic behaviour of this type of elements are presented. The chapter 
highlights the key role of the concrete-steel bond properties in the performance of RC 
elements with plain reinforcing bars and also the lack of information and need for more 
investigation work on the subject. 
Chapter 3 addresses the cyclic testing of the RC beam-column joints. The specimens’ 
properties, and the test setup and testing programme are described. The main experimental 
results are presented and analysed. The influence of various parameters on the joints 
performance is investigated, paying particular attention to the effects of the bond 
properties. 
Chapter 4 is devoted to the numerical modelling of the beam-column joint specimens. The 
adopted modelling strategies and assumptions are presented, and comparisons are 
established between the numerical and experimental results. Particular focus is placed on 
the influence of the bond-slip mechanism on the joint specimens’ response. 
Chapter 5 reports the cyclic testing of the RC beam. The beam properties, and the test 
setup and procedure are described, and the main experimental results are presented. 
Chapter 6 addresses the numerical modelling of the RC beam. The adopted modelling 
strategy and assumptions are presented. Comparison is established between the numerical 
and experimental results. Particular attention is paid to the influence of the bond-slip 




Finally, Chapter 7 summarizes the main conclusions resulting from the research work, 
identifying the main contributions, as well as the limitations, and gives suggestions for 
further developments and possible research directions. 
The references of the papers published in journals and articles presented in conferences, in 










CHAPTER 2  
SEISMIC VULNERABILITY OF EXISTING RC BUILDING 
STRUCTURES WITH PLAIN REINFORCING BARS: 
STATE OF THE ART 
2.1 - INTRODUCTION 
The incorporation of seismic design procedures in building design was first adopted in a 
general sense in the 1920s and 1930s. Lateral forces corresponding to a fraction of the 
building weight and elastic design to permissible stress levels were in force, what later was 
verified to be not an adequate design strategy [1]. 
As stated by Varum [2], until the 1950s in the US and the 1960s in Europe, there were 
essentially no formal seismic design provisions in design codes. It was only in the mid-
1970s that provisions for design and detailing of members and structures came out in the 
US standards. Yet, it was not before the mid-1980s that these provisions were included in 
the European national codes. Until then, only seismic equivalent lateral loading was 
considered in seismic design. For example, in Portugal, the first provisions for seismic 
design appeared in 1958 (RSCCS [3]), but rules resembling those of modern codes were 
only introduced in 1983 (RSA [4]). In Greece, which is one of the most earthquake-prone 
countries in Europe, the first modern earthquake resistant design code was only introduced 
in 1992, becoming mandatory in 1995 [2]. In Italy, before the current design codes came 
into force, only in 1975 did the dynamic properties of the structures became considered in 
the Italian regulations [5]. Nowadays, together with the remaining Eurocodes (like 
Eurocode 2 (EC2, [6]) for RC structural design), Eurocode 8 [7] is the reference standard 
for seismic design in many European countries. 
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In general, the 1970s were a turning point in the design and construction practice all 
around the world. In particular, capacity design principles were introduced, highlighting 
the key role of ductility, instead of lateral strength, in preventing structural collapse and 
excessive damage during seismic events. Selection of a suitable structural configuration for 
inelastic response, selection of a suitable and appropriately detailed location (plastic hinges) 
for inelastic deformations to be concentrated, and insurance (through suitable strength 
differentials) that inelastic deformation does not occur in undesirable locations or by 
undesirable structural modes, are the basis for the capacity design philosophy [1]. For 
instance, a beam sway mechanism instead of a column sway mechanism (soft-storey) is 
more desirable, and failures due to shear (implying large degradation of strength and 
stiffness) and loss of reinforcement anchorage should be prevented. 
A significant number of existing RC structures, located in seismic-prone countries all over 
the world, was built before the 1970s [2] hence prior to the enforcement of the modern 
seismic-oriented design philosophies. As a consequence of the absence of capacity design 
principles in design and poor reinforcement detailing, a significant lack of ductility, at both 
local and global levels, is expected for these structures, resulting in inadequate structural 
performance even under moderate seismic excitations [8]. This type of structures is 
referred to herein as old-type structures. Damage and collapse of building structures 
observed in recent severe earthquakes, confirm the important source of risk that old-type 
RC buildings represent to society, in both human and economic terms. In Portugal, for 
example, the survey [9] on the Portuguese residential park that was conducted in 1991 
revealed the predominance of RC buildings, indicating that, by that year, 56% of the total 
residential buildings had been constructed between 1961 and 1991 [2]. 
Deformed reinforcing bars are currently used in the RC construction. However, the use of 
plain bars as longitudinal (and transverse) steel reinforcement in RC building structures 
was quite common until the mid-1960 (in the US) up to the mid-1980s (in some European 
countries) [10]. For example, in Italy and in the whole Mediterranean area, the use of plain 
reinforcing bars was widely spread up to 1970 [11]. Thus, a significant number of existing 
old-type RC buildings around the world has plain bars as steel reinforcement. 
In the next sections, the main structural deficiencies commonly found in old-type RC 




and collapse of buildings due to earthquakes. Particular attention is given to the influence 
of the concrete-steel bond properties and to the cyclic behaviour of beam-column joints. 
Focusing on RC elements with plain reinforcing bars, a discussion on the bond mechanism, 
and a review of the experimental work reported in the available literature aimed at the 
investigation of the cyclic behaviour of this type of elements, are presented. 
2.2 - TYPICAL STRUCTURAL DEFICIENCIES AND COMMON CAUSES OF 
DAMAGE AND COLLAPSE DUE TO EARTHQUAKES 
2.2.1 - Introduction 
Typical structural deficiencies found in old-type RC building structures, that constitute 
recognised sources of seismic vulnerability, are [2, 8, 12]: i) lack of appropriate 
confinement through transverse reinforcement in the plastic hinge regions; ii) lack or 
absence of joint transverse reinforcement; iii) moment capacity of the columns lower than 
the moment capacity of the beams (weak column-strong beam mechanism); iv) inadequate 
anchorage solutions; v) lapped splices located in potential plastic hinge regions; vi) lower 
quality of materials when compared to current practice, in particular the use of plain 
reinforcing bars as longitudinal reinforcement and of low-strength concrete; and,  
vii) presence of masonry infill walls with complex interaction with the bare frame. Causes 
of damage and collapse of old-type RC building structures due to earthquakes are also 
frequently associated with vertical and horizontal irregularities. 
Shear failure can occur in beams due to both insufficient steel reinforcement and the 
increase in loads during the earthquake [13]. Shear forces in columns resulting from typical 
gravity and wind load designs can be significantly lower than those developed during 
seismic loading. Shear failure in columns is frequently observed (Figure 2.1). Poor 
confinement (associated with inadequate spacing of stirrups or presence of ties) can result 
in flexural crisis at the base of columns located at low levels (Figure 2.2), with instability 
of the compressive reinforcement, slippage of the tensile reinforcing bars and crushing of 
the unconfined concrete [13]. Soft-storey mechanisms are one of the most common causes 
of building collapse due to earthquakes (Figure 2.3). 






(a) (b)  
Figure 2.1 - Column shear failure: a) 1999 Izmit, Turkey earthquake 
(photo by Halil Sezen, courtesy of the National Information Service for 
Earthquake Engineering, EERC, University of California, Berkeley 
[14]);  b) 1985 Mexico City earthquake [2]. 
Figure 2.2 - Inadequate lap-
splices and lack of stirrups 





Figure 2.3 - Building collapse due to soft-storey mechanism in the: a) 2009 L’Aquila, Italy earthquake [15];  
b) 1999 Izmit, Turkey earthquake (photo by Halil Sezen, courtesy of the National Information Service for 
Earthquake Engineering, EERC, University of California, Berkeley [14]). 
The risk of collapse of RC building structures due to seismic events is often associated 
with the brittle failure of beam-column joints (Figure 2.4). The type of joint damage or 
failure mechanism is mainly dependent on the joint typology (exterior or interior joint), 
adopted structural details (such as the amount of joint transverse reinforcement and 
anchorage solution), and concrete-steel bond properties (see Section 2.2.3). Beam-column 
joints in old-type RC building structures typically lack appropriate joint transverse 
reinforcement (sometimes only one stirrup was used, but it was common the absence of 







(a)  (b) 
Figure 2.4 - Failure of beam-column joints lacking proper design: a) 2011 Lorca, Spain earthquake; 
b) 1999 Izmit, Turkey earthquake) [2]. 
2.2.2 - The bond-slip mechanism 
Concrete-steel bond is the mechanism that allows the force transfer between the steel 
reinforcing bars and the surrounding concrete in RC structures. It is a combination of [16]: 
i) adhesion, which is related to the shear strength of the steel-concrete interface and results 
primarily from chemical bonding; ii) bearing forces perpendicular to the lug faces, which 
arise as the bar is loaded and tries to slide; and, iii) friction, which is produced by bearing 
force on the concrete-steel surface and by shearing off the concrete between the lugs on the 
cylindrical concrete surface at the tip of the lugs. Detailed explanation about the different 
stages that characterise the interaction between concrete and steel can be found in [17]. 
Bond action is not only necessary to ensure an adequate level of safety by allowing the 
concrete and steel to work together, but also to control the structural behaviour by 
providing an adequate level of ductility. While safety requires bond to have good 
mechanical properties at the local level, ductility requires bond to withstand large steel 
strains along the embedded reinforcement in order to let the strains spread between two 
continuous bending cracks, and to favour the formation of densely-spaced secondary 
cracks in the concrete [17]. 
The hysteretic behaviour of RC structures is highly dependent on the concrete-steel 
interactional mechanisms. Cyclic load reversals (like those induced by earthquakes) lead to 
progressive bond degradation, resulting in significant relative slippage between the 
reinforcing bars and the surrounding concrete, which is commonly addressed as bond-slip. 
The sudden loss of bond, and consequent bar slippage, is acknowledged as one of the 
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sources of brittle failure in RC structural elements, and is reported to have been the cause 
of severe local damage and even collapse of many structures due to earthquakes [2]. In RC 
structural elements subjected to cyclic loading, the concrete-steel bond can deteriorate even 
before the stress state has attained the yield stress of the steel and the stress strength of the 
concrete [2, 18]. 
Bond failure can occur due to [16]: i) direct pullout of the reinforcing bar, if ample 
confinement is provided for the reinforcing bars (observed as fixed-end rotations at the 
elements ends, like in column bases and beam-column joints); or, ii) splitting of the 
concrete cover along the bar, if the concrete cover or confinement is insufficient to obtain a 
pullout failure. The failure modes under monotonic loading and cyclic loading are similar. 
However, particularly under reversed cyclic loading, bond failure may occur at cyclic bond 
stress levels lower than the ultimate stress under monotonic loading [17]. 
Plain reinforcing bars exhibit poor bond properties when compared to deformed bars (see 
Section 2.3) hence being particularly sensitive to bond degradation under cyclic loading. 
Plain reinforcement does not possess lugs or other surface deformations and therefore 
cannot transfer bond forces by mechanical interlock. Instead, bond is transferred by 
adhesion between the concrete and the reinforcing bar before slip occurs, and by the 
wedging action of small particles that break free from the concrete during slip [19, 20]. 
Appropriate anchoring details are necessary to ensure a satisfactory interaction between the 
concrete and the longitudinal steel reinforcement. Anchorage of plain bars in old-type RC 
building structures was typically provided by end-hooks which may not be effective in 
preventing the bars from slipping. The effectiveness of different end details on plain 
reinforcing bars was investigated, among others, by Fabbrocino et al. [21, 22]. 
Fixed-end rotations due to bar slippage in critical regions like column bases and beam-
column joints are additive to the rotation calculated from flexural analysis in the elements 
and for this reason should be taken into account when determining the response of RC 
structures subjected to seismic loading. Experimental results concerning RC columns with 
deformed bars tested by Sezen [23] indicate that, in some cases, the deformations due to 
reinforcement slip may be as large as column flexural deformations. Regarding the tested 
columns, the slip deformation contributed 25% to 40% to the total lateral displacement. In 




end rotation effect can be considerably increased, and may represent up to 80% to 90% of 
the elements’ overall deformability [11, 24, 25]. Therefore, ignoring the bond-slip effects, 
particularly in the presence of plain bars, may lead to predicted lateral deformation 
significantly smaller than the real deformation or to predicted lateral stiffness larger than 
the existing element stiffness [26], and also to overestimation of the hysteretic energy 
dissipated during cyclic loading [27, 28]. For example, the results of the numerical 
analyses concerning a RC frame, carried out by Fabbrocino et al. [22], illustrate the 
important effect of bond and fixed-end rotation on the base shear-top drift response, 
particularly in the presence of plain bars (Figure 2.5). 
 
Figure 2.5 - Comparative results on effect of type of reinforcement on drift capacity [22]. 
Poor bond properties also have a direct influence on the bending and shear deformation 
mechanisms. Fewer and wider cracks are generally observed (see Section 2.4), increasing 
the deformation component due to bending and reducing the deformation component 
associated with shear [11, 24, 25]. Also, it should be noted that the provisions of the 
modern design codes (like EC2) were developed under the assumption of perfect bond 
between concrete and steel. Therefore, the use of plain bars as steel reinforcement may 
lead to a structural performance that is very different from that predicted by the design 
codes. 
In this way, it is clear that the accurate modelling of the bond-slip behaviour and its 
inclusion in the numerical models of structural analysis is fundamental to achieve a more 
realistic simulation of the hysteretic behaviour of RC structures, in particular of those built 
with plain reinforcing bars. However, perfect bond is a common assumption in the 
numerical analysis of RC structures. Also, a model for describing the cyclic bond-slip 
behaviour for plain reinforcing bars has not yet been established (see Section 2.3.2). 
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Modelling strategies for including bond-slip effects in the nonlinear analysis of RC 
structural elements 
Several proposals of analytical models that include bond-slip effects in the response of RC 
structures can be found in the published literature. According to Limkatanyu and Spacone 
[28], the simplest way to account for the bond-slip effects in frame elements is to add 
nonlinear springs at the element ends. Examples of this type of modelling strategy applied 
to beam-column joints are mentioned in Section 2.2.3. Following other approaches:  
i) Filippou and Issa [29] and Filippou et al. [30] proposed a so-called sub-element frame 
element model in which the different sources of material nonlinearities (such as bending 
deformations, shear deformations, and bond-slip) are represented by separate sub-
elements; ii) Manfredi and Pecce [31] proposed a refined fibre model for the analysis of 
RC beams that includes an explicit formulation of the bond stress-slip relationship; 
iv) Monti and Spacone [32] combined the force-based fibre beam element proposed by 
Spacone et al. [33] with the reinforcing bar element with bond-slip proposed by Monti et 
al. [34]; v) Limkatanyu and Spacone [27] proposed a frame element in which the bond-slip 
is computed directly as the difference in the steel and the concrete displacements at the bar 
level. Limkatanyu and Spacone [28] used two models that were developed by the authors 
to investigate how bond-slip affects the cyclic response of one interior RC beam-column 
joint and of a two-storey one-bay RC frame that had been tested under cyclic loading. One 
was the previously mentioned model [27], and the other was a rigid-panel joint element 
with bond-slip [35]. In both cases, the analytical results were shown to correlate better with 
the experimental results when bond-slip effects were taken into account, namely in terms 
of strength, displacement demands and energy dissipation (Figure 2.6). 
  
(a) (b) 
Figure 2.6 - Experimental and numerical responses of the beam-column joint analysed by Limkatanyu and 




Varum [2] proposed a simple method for including bond-slip in the numerical analysis of a 
RC frame structure that had been pseudo-dynamically tested. Bond-slip was modelled 
explicitly using a correction of the steel reinforcement constitutive law (slippage factor, λ) 
that expresses the lack of compatibility between concrete and steel strains (εc and εs, 
respectively) due to bond-slip. The corrected constitutive law is depicted in Figure 2.7. 
Considering that steel hardening strain in not reached, the steel constitutive law is assumed 
bi-linear with an elastic perfect plastic behaviour [2]. In the numerical analyses, it was 
assumed for each element (beam or column) a constant value of λ in accordance to the 
maximum deformation experimentally observed at this element during the pseudo-dynamic 
tests. The comparison established between the numerical (with and without bond-slip) and 
the experimental results shows that it was only possible to reproduce the experimental 
results well with the inclusion of the bond-slip effects in the numerical model (see  
Figure 2.8) [2, 36]. However, Varum [2] states the need for the improvement of the 
proposed model. Namely, it is presumed that a more precise numerical simulation can be 
achieved with a bond-slip model that provides full bond at the beginning of loading being 
increased the slippage factor with the maximum steel strain observed at each element. 
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Figure 2.7 - Correction of the steel reinforcement constitutive law for taking into account bond-slip, as 




















Figure 2.8 - Storey shear-drift response of a RC frame with plain reinforcing bars (pseudo-dynamic test) [36]: 
a) numerical results considering and not considering bond-slip; b) comparison between experimental results 
and numerical results considering bond-slip. 
In terms of available software for nonlinear structural analysis, only a few provide specific 
tools for including bond-slip. For example: 
i) The CASTEM 2000 software [37] provides the acier-ancrage model, which is 
based on the bond stress-slip relationship proposed by CEB-FIP Model Code 90 
[38] for deformed bars. 
ii) OpenSees [39] provides a steel material model (Bond_SP01) described by the bar 
stress-slip relationship proposed by Zhao and Sritharan [40] for simulating the slip 
between steel and concrete, in particular that resulting from strain penetration. The 
model was calibrated for elements with deformed bars. In OpenSees is also 
implemented the joint model proposed by Lowes and Altoontash [41], which takes 
into account the effects of bar slippage (see Section 2.2.3). 
iii)  The ATENA finite element package [42] provides two models to account for the 
effects of bond-slip [42]: one model based on the bond stress-slip relationship 
proposed by the CEB-FIP Model Code 90 [38] for deformed bars, and the other 
model based on the bond-slip law by Bigaj [43]. A new model implemented in 





2.2.3 - Beam-column joints 
There is a vast amount of literature about the cyclic behaviour of RC beam-column joints, 
the majority of which was derived from data collected from investigation work carried out 
on joint specimens designed according to the specifications of modern design codes. The 
focus is mainly placed on the improvement of joint performance through new design 
concepts and improved details, such as joint hoops and improved anchorage [45]. In 
comparison, there is a considerably lesser amount of similar data available for joint 
elements representative of beam-column connections in existing old-type RC building 
structures lacking proper detailing. Data referring to beam-column joints with plain 
reinforcing bars is particularly scarce (see Section 2.4.3). 
Beam-column joint regions are characterised by complex mechanical interactions. Frame 
member loads may be idealised as tension, compression, and shear resultants acting on the 
joint, with tension carried by the frame members’ longitudinal steel, compression carried 
by longitudinal steel and concrete, and shear carried by concrete (Figure 2.9). The load 
carried in the frame members’ longitudinal steel is transferred into the joint core concrete 
through bond. The load carried in the frame members’ concrete is transferred directly into 
the joint core concrete. The shear transfer from the frame members into the joint core at the 
perimeter of the joint is assumed to occur across closed concrete cracks in the vicinity of 
the frame (member flexural compression zones) [41]. Joint failure is conventionally 
assumed when one of the force transfer mechanisms fails. 
  
  
forces from beams an columns 
acting on the joint 
crack pattern and bond 
forces after diagonal 
tension cracking initiates in 
the joint core 
concrete diagonal strut 
mechanism, equilibrating 
concrete compression 
forces in beams and 
columns and some bond 
forces in the 
compression zones 
truss mechanism of concrete 
diagonal compression field 
and horizontal and vertical 
reinforcement needed for 
equilibrium after diagonal 
tension cracking 
Figure 2.9 - Interior beam-column joint subjected to seismic loading [46]. 
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Diagonal tension cracking of the joint core takes place when the principal tensile stress 
acting under the combination of the stress and of the mean vertical compressive stress in 
the joint exceeds the concrete tensile strength [10]. If bond deterioration occurs at an early 
stage (as expected in the presence of plain reinforcing bars), the majority of the forces are 
transferred into the joint core by the compression strut (Figure 2.9-c), and therefore 
diagonal tension cracking is less likely to occur [46]. In this case, shear failure is not 
observed, but the connection is not able to develop its maximum nominal capacity. If 
diagonal cracking occurs, the joint is assumed to resist shear via the combination of the 
diagonal compression strut mechanism and a truss mechanism (Figure 2.9-d), the 
efficiency of which is highly dependent on the bond properties and also on the joint 
transverse reinforcement [46]: i) if bond is poor, the truss mechanism will not function; 
ii) if bond is good, the truss mechanism cannot transfer the joint shear without transverse 
reinforcement in the joint core and the joint shear will be mainly carried by the diagonal 
compression strut. The efficiency of the diagonal compression strut is strongly related to 
the anchorage solution adopted for the longitudinal reinforcement. Detailed information on 
the joint force transfer and shear resistance mechanisms can be found, for example, 
in [10, 46, 47]. 
As previously stated, beam-column joints in old-type RC building structures typically lack 
appropriate joint transverse reinforcement. Moreover, bond properties are typically poor, 
namely when plain bars are used as longitudinal reinforcement. In this case, the shear 
transfer from the elements framing into the joint to the joint core will have to mainly rely 
on the compression strut mechanism. Therefore, the joint behaviour will be highly 
dependent on the anchorage solution adopted for the longitudinal bars, the role of which 
has been observed to be particularly relevant on the response of exterior beam-column 
joints [8, 48, 49]. 
Detailed discussion on the effects of bond deterioration in beam-column joints on the local 
hierarchy of strength and sequence of events was provided by Calvi et al. [50]. Analysis of 
the influence of bond properties, namely the use of plain bars versus deformed bars, and its 





Reference to reports of experimental work containing investigation about the influence of 
other parameters on the cyclic behaviour of beam-column joints (like column axial load, 
joint transverse reinforcement, amount of longitudinal and transverse reinforcement in the 
elements framing into the joint, alternative anchorage solutions, presence of slabs and 
transverse beams, among others) can be found in [12, 45, 51], and also in Section 2.4.3 for 
the particular case of joints with plain reinforcing bars. 
Modelling strategies for beam-column joints  
In the seismic analysis of RC frame structures, beam-column joints are commonly assumed 
rigid [52, 53]. However, recent analytical investigations [52, 54, 55] show that in most 
cases the rigid joint assumption is inadequate, and highlight the importance of accounting 
for shear and bond-slip. Only when joint shear deformations are negligible may the rigid 
joint assumption be considered an adequate modelling approach [28]. Many modelling 
strategies have been proposed for simulating the cyclic behaviour of beam-column joints, 
ranging from empirical methods to finite element models (see [12, 27, 35, 41, 50, 52, 54-
67]). For example (Figure 2.10): 
i) Youssef and Ghobarah [60] proposed a joint model in which the joint region is 
represented by four rigid elements, and beams and columns are idealised using 
elastic elements (Figure 2.10-a). The connection between the joint and each 
element idealises bond-slip and concrete crushing by using three steel springs and 
three concrete springs. Two diagonal translational springs connecting the opposite 
corners of the panel zone are used to simulate shear deformation. 
ii) Shin and LaFave [63] proposed a model in which the joint is represented by four 
rigid link elements located along the joint edges and three nonlinear rotational 
springs embedded in one of the four hinges connecting the adjacent rigid elements. 
Rotational springs, two at each beam-joint interface, placed in series, separately 
simulate the fixed-end rotations due to slip of the beam longitudinal reinforcement 
and plastic hinge rotations due to inelastic behaviour of the beam (Figure 2.10-b). 
The model is particularly intended for the analysis of RC beam-column joints of 
ductile moment frames designed and detailed according to the provisions of modern 
seismic design codes. 
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iii) Lowes and Altoontash [41] proposed a joint element composed by one shear panel, 
eight bar-slip springs and four interface-shear spring elements (Figure 2.10-c). The 
model takes into account various inelastic response mechanisms such as the shear 
failure of the joint core, the loss of shear load transfer due to cracking at the beam-
column interfaces, and the failure of bond on the longitudinal reinforcement. 
Modifications to the model were proposed by Mitra and Lowes [54, 61]. A 
simplified version of the model was proposed by Altoontash [62], consisting of a 
panel zone with a rotational spring to simulate the shear deformation of the joint 
and four zero-length rotational springs located at the beam-joint and column-joint 





Figure 2.10 - Joint models proposed by: a) Youssef and Ghobarah [60]; b) Shin and LaFave [63]; 
c) Lowes and Altoontash [41]; d) Altoontash [62]. 
According to Favvata et al. [52], the type of models previously shown are difficult to 
implement in the seismic analysis of an entire RC frame structure. Studies that include the 




structures typically adopt simple rotational spring elements, as in the joint model proposed 
by Calvi et al. [50] depicted in Figure 2.11 (see also [49]). 
 
Figure 2.11 - Joint model proposed by Calvi et al. [50]. 
The effectiveness of nonlinear finite element procedures in capturing the nonlinear 
response of beam-column joints was recently investigated by Sagbas et al. [67]. A finite 
element program was used to simulate the behaviour of 12 beam-column joints, giving 
particular attention to the effects of shear deformation and bond-slip. The latter was 
simulated using “link” elements (two-node non dimensional elements consisting of two 
orthogonal springs, in which the two nodes can displace independently from each other, 
simulating the relative displacement between concrete and steel) placed at the interface 
between the concrete and the steel reinforcement elements. Based on the outcomes of the 
conducted analyses, Sagbas et al. [67]: conclude that nonlinear finite element analysis 
procedures can be an accurate and reliable tool in assessing the seismic performance of 
seismically designed and non-seismically designed beam-column joints; and, give general 
guidelines for the effective finite element modelling of beam-column joints regardless of 
the software being used. For the particular case of elements with plain reinforcing bars, the 
authors highlight the need for an improved model to describe the cyclic behaviour of plain 
bars towards a more accurate simulation of non-seismically designed joints containing this 
type of steel reinforcement. 
2.3 - CONCRETE-STEEL BOND BEHAVIOUR OF PLAIN REINFORCING BARS 
Data available about the concrete-steel bond behaviour (monotonic and cyclic) of plain 
reinforcing bars is significantly less rich and detailed than that available for deformed bars. 
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Consequently, the influence of the parameters that affect bond behaviour (like concrete 
strength, concrete cover, rib pattern of the reinforcing bar, casting direction with respect to 
bar orientation, rate and type of loading, confining effects, among others [2, 16, 68]) has 
not yet been comprehensively understood for elements with plain bars. 
In terms of experimental studies, many 50 year old and even older experimental results on 
plain bars can be found in the published literature, but they are basically presented as 
reference data for deformed bars [22]. Moreover, most of the tests were principally aimed 
at the assessment of maximum bond strength, and information regarding the bond 
behaviour in the cyclic and pos-elastic fields is scarce [69, 70]. Recent reports of 
experimental studies on the bond behaviour of plain reinforcing bars can be found in 
[20, 21, 69, 71-74]. For example: 
i) Fabbrocino et al. [21] performed a series of monotonic beam tests and pullout tests 
on plain reinforcing bars aimed at describing in detail the force-slip relationship of 
the bond mechanism for straight rebars and for anchoring end details, namely 180º 
hooks. The tests results revealed that slippage due to anchoring devices is relevant 
and cannot be neglected, especially in the larger post-yielding field. 
ii) Feldman and Bartlett [20] performed an extensive experimental campaign 
consisting of 252 cylindrical pullout tests on specimens with plain reinforcing bars. 
The parameters investigated were: concrete compressive strength, bar size, bar 
shape, concrete cover and bar surface roughness. Empirical equations were 
presented for predicting maximum and residual average bond stresses. 
iii) Cosenza and Prota [71] carried out an experimental campaign consisting of 
monotonic tensile and compressive tests on plain bar specimens with different 
values of the L/D ratio, where L stands for the stirrup spacing and D for the 
longitudinal bar diameter. The tests results confirm that the tensile behaviour of the 
bars slightly changes as L/D varies, and highlight the fact that the compressive 
behaviour depends on the L/D ratio and is not influenced by the bar diameter. 
iv) Prota et al. [72] performed cyclic tests on plain bar specimens similar to those 
tested by Cosenza and Prota [71]. The tests results show that the cyclic behaviour 
of plain reinforcing bars was influenced by the loading history and the L/D ratio. 




L/D ratio. The authors also tested the capability of existing hysteretic models, 
developed for deformed bars (Giuffrè-Pinto [75], Menegotto-Pinto [76], and Monti-
Nuti [77, 78]), to predict the behaviour of plain bars under cyclic loading. The 
models were shown to reproduce with sufficiently good accuracy the cyclic 
behaviour of plain reinforcing bars for L/D≤8. 
v) Verderame et al. [69] performed a series of monotonic and cyclic pullout tests 
aimed at the assessment of the bond performances of plain reinforcing bars. The 
results of the cyclic tests showed a significant degradation of bond capacities. 
Bond behaviour is usually described in terms of the bond stress-slip relationship. The 
existing literature offers many constitutive relationships, monotonic and hysteretic, for 
describing the concrete-steel bond behaviour of elements with deformed bars (see [16]). 
Considering the different nature of the interaction mechanisms at the surface between 
concrete and steel in elements with deformed bars and elements with plain reinforcing 
bars, the models available for deformed bars are not considered suitable for plain bars, 
particularly with respect to cyclic loading [70]. For plain reinforcing bars, the only code 
instructions relative to the local constitutive bond-slip relationship can be found in CEB-
FIP Model Code 90 [38].  
Figure 2.12 depicts the CEB-FIP Model Code 90 [38] local constitutive bond-slip 
relationship for deformed bars, which is based on the bond stress-slip relationship 
proposed by Eligehausen et al. [79]. The code proposal for plain reinforcing bars is 
depicted in Figure 2.13. The model was calibrated using the results of the experimental 
work carried out by Rehm [80]. The model parameters (mean values) are presented in 
Table 2.1 and Table 2.2 for deformed bars and plain bars respectively. Parameter  is 
related to the shape of the ascending branch. Parameters τmax and s1 correspond to the peak 
resistance condition. Parameter τf is the frictional bond strength. As stated by Varum [2], 
the comparison between the model parameters for deformed bars (Table 2.1) and plain bars 
(Table 2.2) shows that, for equivalent conditions, the maximum bond stress for plain 
reinforcing bars is only 12% of that for deformed bars. Detailed information about the 
models can also be found in the CEB-217 report [68]. 





















































Figure 2.12 - Bond stress-slip relationship given by CEB-FIP Model Code 90 for deformed bars [2, 68]. 




  Confined concrete
(2)
 
Bond conditions  Bond conditions 
Good All other cases Good All other cases 
s1 0.6 mm 0.6 mm 1.0 mm 
s2 0.6 mm 0.6 mm 3.0 mm 
s3 1.0 mm 2.5 mm clear rib spacing 
 0.4 0.4 
τmax ckf.02  ckf.01  ckf.52  ckf.251  
τf max.  150  max .400  






















Figure 2.13 - Bond stress-slip relationship given by CEB-FIP Model Code 90 for plain bars [2, 68]. 
Table 2.2 - Parameters (mean values) of the bond stress-slip relationship of plain bars [2, 68] 
Values 
Cold drawn wire  Hot rolled bars 
Bond conditions  Bond conditions 
        Good All other cases          Good All other cases 
s1=s2=s3 0.01 mm 0.1 mm 



































Verderame et al. [70] and Feldman and Bartlett [81] state that the bond model given by 
CEB-FIP Model Code 90 for plain bars is inconsistent with experimental observations, 
namely because it indicates no reduction in bond strength with increasing slip. Based on 
experimental results, the bond-slip relationship for plain reinforcing bars can be described 
as follows [70]: first, an ascending branch up to a peak strength value corresponding to 
very low values of slippage; second, and in contrast to the CEB-FIP Model Code 90 
model, a softening branch (transition curve) related to the progressive degradation of 
friction mechanism. According to Verderame et al. [70], the model that best fits the 
experimental bond stress-slip behaviour for plain bars is the model proposed by 
Eligehausen et al. [79] modified by removing the plateau branch according to [82]. The 














































Figure 2.14 - Bond stress-slip relationship according to Eligehausen et al. [79] and modified by Cozenza et 
al. [82] (a), and comparison with test results from Verderame et al. [70] (b). 
Several models are proposed in the literature for describing the bond behaviour of 
deformed bars under cyclic loading (Figure 2.15). Details on some of the available models 
can be found in [16]. Nowadays, the analytical bond-slip model proposed by Eligehausen 
et al. [79] (Figure 2.15-e), and subsequently modified by Filippou et al. [83], is considered 
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to be the most reliable model for describing the cyclic bond performance of deformed bars 
in the absence of splitting failure [70]. 
Conversely, for plain reinforcing bars a cyclic bond-slip model has not yet been 
established. A model proposal was recently presented by Verderame et al. [70] based on 
the results of the cyclic pullout tests carried out by the authors (described in [69]). The 
model is depicted in Figure 2.16. According to Verderame et al. [70], the proposed model 
represents well the degradation phenomena regarding the interaction mechanisms at the 







Figure 2.15 - Bond-slip models for cyclic loading (deformed bars) proposed by: a) Tassios [84] (monotonic 
envelope and cyclic rules); b) Morita and Kaku [85]; c) Viwathanatepa et al. [86]; d) Hawkins et al. [87]; e) 






Figure 2.16 - Cyclic bond-slip model for plain reinforcing bars proposed by Verderame et al. [70]: 
a) hysteretic bond-slip relationship; b) summary of the model parameters. 
2.4 - PAST EXPERIMENTAL STUDIES ON THE CYCLIC BEHAVIOUR OF RC 
STRUCTURAL ELEMENTS WITH PLAIN REINFORCING BARS 
The available data about the cyclic behaviour of RC structural elements results mainly 
from experimental tests carried out on elements with deformed bars. Experimental data 
referring to elements with plain reinforcing bars without specific detailing for seismic 
demands is scarce. As a consequence, the influence of the bond properties of plain bars on 
the elements’ response has not yet been comprehensively understood. In this section are 
briefly described examples of recent relevant experimental work aimed at the investigation 
of the cyclic behaviour of substandard RC elements with plain bars (beams, columns, 
beam-column joints, and frame structures). 
2.4.1 - Beams 
If reports of experimental studies on RC elements with plain reinforcing bars are limited, 
this is particularly evident with respect to RC beams. Recently, Marefat et al. [88] carried 
out an experimental campaign consisting on monotonic and cyclic tests on RC beam 
specimens built half-scale. Three types of beam specimens were considered: i) specimens 
with deficient seismic detailing and plain reinforcing bars (substandard specimens); 
ii) specimens designed according to the American code for structural concrete ACI-318-99 
(standard specimens) and built with plain reinforcing bars; and, iii) standard specimens 
with deformed bars. The tests results show that [88]: i) in comparison to the specimens 
with deformed bars, the specimens with plain reinforcing bars displayed a more evident 
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pinching effect and fewer and wider cracks (that were spread over a smaller length, Figure 
2.17-a), and sustained larger slip and smaller yield strength; ii) regarding the specimens 
with plain reinforcing bars, only the standard specimens were able to develop the full 
flexural strength of the element; iii) slippage of the longitudinal reinforcing bars at the base 
had an important contribution to the overall deformation of the specimens with plain 
reinforcing bars (more than 50% of the total deformation of the substandard specimens, 
Figure 2.17-b). 
 
P – plain bars 
D – deformed bars 
 
C – conforming transverse reinforcement 
N – non-conforming transverse reinforcement 
 
M – monotonic loading 
C – cyclic loading 
 
S – substandard specimen 
 
(a) 
Plain bars Deformed bars 
  
(b) 
Figure 2.17 - Results of the experimental tests on RC beams carried out by Marefat et al. [88]:  
a) crack pattern at ultimate state; b) deformation components in specimens PC-C2 (plain bars) and 
DC-C2 (deformed bars). 
2.4.2 - Columns 
Verderame et al. [24, 25] carried out monotonic and cyclic tests on substandard RC 
column specimens with plain reinforcing bars (Figure 2.18), paying particular attention to 
the rotation capacity of the columns. The parameters under analysis were the lapping of the 
longitudinal reinforcing bars, the level of axial load and the displacement history. The tests 
results show that [24, 25]: i) the hysteretic response of the columns was affected by a 




load; ii) the crack pattern was characterised by a reduced number of cracks with large 
opening; iii) the rotational capacity of the specimens was strongly influenced by the 
column base rotation, in particular that of the columns with lap-splices; iv) when plain 
reinforcing bars are used, chord rotation results from a combined action of the fixed end 
rotation at the base and yielding spreading over the column length; v) the rules given by 
Eurocode 8 – Part 3 (EC8-3 [89]) for estimating the ultimate rotation capacity of RC 
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fu = 500 MPa 
εu= 20% 
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Monotonic tests Cyclic tests 
  
(c) 
Figure 2.18 - Experimental campaign on RC columns carried out by Verderame et al. [24, 25]: a) column 
specimens and materials properties; b) test setup and displacement histories;  
c) column base rotation versus drift relationships. 
The ultimate rotation capacity of columns was also investigated by Di Ludovico et al. [90]. 
Monotonic and cyclic tests were conducted on RC column specimens with plain and 
deformed reinforcing bars. The tests results show that: i) damage in the specimens with 
plain reinforcing bars was concentrated in a smaller number of wider cracks in comparison 
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with plain reinforcing bars was higher than that of the specimens with deformed bars;  
iii) the contribution of column base rotation (fixed-end rotation) to the overall column 
deformation was particularly relevant for the specimens with plain reinforcing bars (66% 
and 75% of the total drift in the monotonic and cyclic tests, respectively). 
A critical review of some of the formulations available to estimate the ultimate rotation 
capacity of RC elements with plain reinforcing bars was conducted by Verderame et al. 
[11]. Focus was put on the EC8-3 [89] approach. EC8-3 evaluates the ultimate rotation 
capacity of RC elements with plain reinforcing bars by applying an empirically calibrated 
correction coefficient to the capacity formulations calibrated on elements with deformed 
bars and seismically detailed.  The correction coefficient, always inferior to 1, implies a 
reduction in the deformation capacity, which increases if lapping of longitudinal bars is 
present. However, recent experimental results ([11, 90]) indicate that the rotational 
capacity of RC elements with plain reinforcing bars is higher than that of elements with 
deformed bars, given equal the structural characteristics and details. As stated by 
Verderame et al. [11], considering the small number of experimental data for elements 
with plain reinforcing bars, a higher reliability of the correction coefficients can only be 
obtained by extending the experimental database so that a wider range of loading 
conditions, and geometrical and mechanical characteristics can be covered. Based on the 
experimental data available in the literature ([24, 25, 91-95]), Verderame et al. [11] also 
proposed a new correction coefficient to be applied to the EC8-3 expressions. 
Bousias et al. [96] investigated the effectiveness of RC jacketing and of FRP wrapping for 
the seismic retrofitting of RC columns built with plain reinforcing bars. In addition to the 
type of retrofitting technique, the parameters studied were the lapping of longitudinal 
reinforcing bars, the number of FRP layers and the length of application of FRP wrapping. 
The impact of previous unrepaired damage on the effectiveness of concrete jackets was 
also investigated. The tests results indicate that lapping of the reinforcing bars did not have 
a significant effect on the behaviour of the unretrofitted specimens. Overall, FRP wrapping 
of just the plastic hinge and any splice region was shown to be more effective than 
concrete jacketing in enhancing the deformation and energy dissipation capacities of old-




2.4.3 - Beam-column joints 
Experimental results of simulated seismic load tests on interior and exterior beam-column 
joints with substandard details, typical of RC buildings constructed in New Zealand before 
the 1970s, are reported by Park [97] (Figure 2.19). Comparison is established between the 
tests results obtained for specimens with plain bars [48, 98] and specimens with deformed 
bars [46, 99]. Concerning the exterior joints, two anchorage solutions for the longitudinal 
bars in the beams were investigated: i) beam bar hooks bent away from the joint core 
(typical in RC buildings built before the 1970s); ii) beam bar hooks bent into the joint core 
(as in current practice). The tests results indicate that [97]: i) the seismic performance of 
typical interior beam-column joints of pre-1970s RC moment resisting frames without joint 
transverse reinforcement would be poor in a severe earthquake, due to diagonal tension 
cracking in the joint core and bond-slip; ii) the cyclic behaviour of the exterior joints was 
significantly improved when the ends of the hooks were bent into the joint core; and, iii) 
the exterior joint specimens with plain reinforcing bars displayed poor performance when 
compared to the analogous specimens with deformed bars, displaying larger flexibility and 
lower strength. 
The influence of the type of anchorage solution adopted for the beam bars in exterior joints 
with plain reinforcing bars (bent away from or bent into to the joint) was also studied by 
Liu and Park [48]. The dimensions and detailing of the joint specimens were similar to 
those depicted in Figure 2.19-b. The influence of column axial load (with or without) was 
also investigated. The tests results show that [48]: i) the flexural strength of the elements 
was lower than that predicted assuming perfect bond conditions; ii) the presence of axial 
load led to a large increase in the initial stiffness and global strength of the specimens, and 
also delayed premature concrete tension cracking initiated by the beam bar hooks; iii) the 
influence of the type of arrangement of the beam bar hooks was particularly evident in the 
performance of the specimens tested without column axial load; and, iv) bending the beam 
bar hooks into the joint core (as in current practice) resulted in higher flexural strength than 
bending the beam bar hooks away from the joint core. 








Figure 2.19 - Test specimens and test setup of the experimental tests on beam-column joints with plain and 
deformed reinforcing bars reported in [97]: a) interior beam-column joints; b) exterior beam-column joints. 
Pampanin et al. [8] tested the cyclic behaviour of 2/3-scaled interior and exterior beam-
column joints (Figure 2.20) with structural deficiencies typical of the Italian construction 
practice between the 50s and 70s (namely, gravity load design, absence of transverse 
reinforcement in the joint, and poor anchorage detailing). In the interior joint specimens, 
two different types of anchorage solutions for the beam longitudinal reinforcement through 
the joint region were considered: continuous reinforcement or lapped splices with end-
hook anchorage outside the joint. The tests results show that [8]: i) the global response of 
the specimens was characterised by a marked pinching effect due to bar slippage of the 
longitudinal reinforcement; ii) the exterior tee-joint specimens displayed a hybrid brittle 
failure mechanism associated with the combination of joint shear damage with slippage of 
the longitudinal beam bar within the joint region with concentrated compressive force at 
the end-hook anchorage, resulting in severe damage within the joint core with spall off of a 
“concrete wedge”; and, iii) the presence of lapped splices and hook-end anchorage 
improved the global performance of the interior joint specimens, the behaviour of which 










Figure 2.20 - Experimental campaign on RC joints carried out by Pampanin et al. [8]: a) joint specimens and 
materials properties; b) test setup and displacement history; c) test results for the exterior joint specimens 
(force-drift diagrams, damage and development of the “concrete wedge” mechanism); d) test results for the 
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Hertanto [12] carried out cyclic tests on 2/3-scaled plane frame and space frame exterior 
beam-column joints with plain and deformed reinforcing bars. The specimens were 
subjected to a lateral reversed cyclic loading applied to the top of the column and column 
axial load, which was varied during the test in proportion to the lateral load. The space 
frame specimens were subjected to bi-directional cyclic loading. The tests results show that 
[12]: i) bond properties (plain bars versus deformed bars) had a major role in determining 
the type of failure (Figure 2.21); namely, the use of plain reinforcing bars can lead to joint 
shear failure, and beam flexural failure (as desired in seismic design) is more likely to 
occur when using deformed bars; ii) joint transverse reinforcement has an important 
beneficial effect on confinement and can alter the failure mechanism of the elements; 
iii) the variation in column axial load can have a positive or negative effect on the joint 
strength depending on the loading direction under analysis; and, iv) a certain amount of 
strength reduction has to be considered due to the effect of bi-directional loading (25% 
reduction is proposed for the global strength, and 40% reduction is indicated for the joint 
principle stress). 
Joint with deformed bars 
 
Joint with plain bars 
  
(b) 
Figure 2.21 - Differences recorded between the deep beam joint specimens with plain and deformed 
reinforcing bars (final damage state and hysteretic envelopes) tested by Hertanto [12]. 
Bedirhanoglu et al. [100] investigated the cyclic behaviour of full-scale exterior beam-
column joints with plain reinforcing bars and low-strength concrete (Figure 2.22). The 
parameters investigated were the column axial load (with or without, and different levels of 
axial load), displacement history (different number of target drifts), presence and amount 
of joint transverse reinforcement, presence of transverse beam and transverse slab, and 
anchorage solution within the joint region. The tests results show that [100]: i) the increase 




energy dissipation; ii) the influence of displacement history was negligible; iii) the 
presence of joint transverse reinforcement resulted in thinner inclined cracks in the joint 
region, larger maximum lateral load and energy dissipation capacity, and larger strains in 
the beam longitudinal reinforcement; and, iv) the presence of transverse beam and slab led 
to an increase in the lateral load capacity and to slight enhancement in the energy 
dissipation capacity. 
 
Steel longitudinal bars 
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Figure 2.22 - Cyclic testing of exterior beam-column joints carried out by Bedirhanoglu et al. [100]: a) joint 
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Liu and Carr [101] tested the cyclic behaviour of RC beam-column joins, interior and 
exterior, representative of an existing RC frame building constructed in New Zealand in 
the late 1950s, the seismic performance of which was also investigated by the authors 
resorting to nonlinear static and dynamic analyses. Comparison was established with the 
test results of similar specimens with deformed bars [99, 102]. The main conclusions 
drawn from the tests results and comparative analysis, were [101]: i) the post elastic 
behaviour of the specimens with plain reinforcing bars was primarily governed by the 
flexural behaviour at the fixed-ends, where the majority of the post-elastic deformation 
was concentrated; conversely, the specimens with deformed bars displayed a more widely 
spread damage distribution (Figure 2.23-a); and, ii) column bar buckling and severe bond-
slip along the longitudinal bars occurred adjacent to the joint region in the specimens with 
plain reinforcing bars, leading to lower flexural strength and stiffness in comparison to that 
registered for the specimens with deformed bars (Figure 2.23-b). 





Figure 2.23 - Comparison between beam-column joint specimens with plain and deformed reinforcing bars 
[101]: a) final damage state in beam-column joint specimens; b) storey shear versus storey displacement for 
the interior joints. 
Reports of experimental work devoted to the investigation of different retrofitting 
techniques of substandard exterior beam-column joints with plain reinforcing bars can be 
found in [103-106]: i) Akguzel and Pampanin [103, 106] studied the feasibility and 
efficiency of a retrofitting technique based on Glass Fibre Reinforced Polymer (GFRP) 
composites, which was shown to provide satisfactory improvement of the behaviour of the 
as-built specimens (Figure 2.24-a); ii) Genesio et al. [104] proposed the retrofitting of RC 




improve the hysteretic behaviour of the as-built specimens thanks to the more ductile 
failure mode constituted by the beam flexural hinge instead of brittle shear failure (Figure 
2.24-b); iii) Kam and Pampanin [105] presented selective-weakening and joint post-






2DB1: 2D specimen, as-built 
2DR1: 2D specimen, retrofitted (R11) 
2DR4: 2D specimen, retrofitted (R21) 
3DB1:3D specimens, as-built 
3DR1: 3D specimen, retrofitted (R11) 
3DR2: 3D specimen, retrofitted (R21) 
(a) 
           As-build specimen                                    Retrofitted specimen 
         
b) 
Figure 2.24 - Experimental investigation on retrofitting techniques for exterior beam-column joints carried 
out by: a) Akguzel and Pampanin [106]; b) Genesio et al. [104]. 
2.4.4 - Framed structures 
Calvi et al. [107] carried out a quasi-static cyclic test on a 3-storey RC frame structure, 
2/3-scaled, built with plain reinforcing bars and without structural detailing adequate for 
seismic demands. The test results confirm the high vulnerability of the joint panel zone and 
also the tendency to develop undesirable global mechanisms due to the absence of an 
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In the framework of the research programme ICONS, pseudo-dynamic tests on two full-
scale models of existing non-seismic resisting RC frame structures (Figure 2.25-a), built 
with plain reinforcing bars, were carried out at the European Laboratory for Structural 
Assessment (ELSA) with the objective of assessing the seismic vulnerability of a bare 
frame, the effectiveness of different retrofitting techniques and the influence of masonry 
infill walls. Detailed information about the experimental investigation and tests results, 
which confirm the significant seismic vulnerability of existing structures constructed in the 
1960s, can be found in [2, 108, 109]. In the numerical analyses performed by Varum [2], 
considering bond-slip effects in the numerical models was fundamental to achieve a more 
realistic description of the cyclic and ultimate behaviour of the frames (see Figure 2.8). 
Pseudo-dynamic testing of a full-size 3-storey frame structure representative of old-type 
constructions in Southern European countries (without specific provisions for earthquake 
resistance and built with plain reinforcing bars) was performed as the core of the research 
project SPEAR (Seismic Performance Assessment and Rehabilitation of Existing 
Structures). The experimental investigation was also performed at the ELSA laboratory 
(Figure 2.25-b) and consisted of three rounds of pseudo-dynamic tests on the structure in 
three different configurations: as-built structure; retrofitted structure with FRP wraps; and, 
retrofitted structure with RC jacketing. Detailed information about the test campaign and 




(a)  (b) 
Figure 2.25 - Full-scale RC frame models pseudo-dynamically tested at the ELSA laboratory in the 




CYCLIC TESTING OF INTERIOR RC BEAM-COLUMN JOINTS 
3.1 - INTRODUCTION 
This section addresses the quasi-static cyclic tests carried out on six full-scale RC beam-
column joint specimens designed and built to represent interior beam-column connections 
in existing pre-1970s RC building structures. Five specimens were built with plain 
reinforcing bars and one specimen was built with deformed bars. The behaviour of the 
specimens was analysed in terms of strength and stiffness, deformation, damage, energy 
dissipation, equivalent damping and ductility demands. The sensitivity of the specimens’ 
response to displacement history, column axial load, concrete-steel bond properties, and 
amount of steel reinforcement was investigated. 
The test results and comparative analysis concerning the two analogous joint specimens 
described in this chapter, one with plain bars and the other with deformed bars, were 
partially published in the IBRACON Structures and Materials Journal [1]. A 
comprehensive analysis of the test results for the six joint specimens will be published in 
the ACI Structural Journal [2]. 
3.2 - TEST SPECIMENS 
3.2.1 - Geometrical characteristics and reinforcement detailing 
The specimens were designed to represent an interior beam-column connection in a RC 
building frame structure. More specifically, in each specimen (Figure 3.1): each beam 
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element represents a half-span beam, with length equal to 2 m and 0.30x0.40 m
2
 
rectangular cross-section; and, each column element represents a half-storey column, with 
length equal to 1.5 m and 0.30x0.30 m
2
 square cross-section. The six specimens were built 
full-scale. 
 
Figure 3.1 - Idealization of the beam-column joint elements under investigation. 
Five specimens were built with plain bars as longitudinal and transverse steel 
reinforcement. These specimens are designated here as JPA-1, JPA-2, JPA-3, JPB and 
JPC. One additional specimen, JD, was built with deformed bars. All the other 
characteristics of JD were made equal to those of JPA-1 in order to allow a performance 
comparison between the two specimens. Figure 3.2 to Figure 3.4 depict the dimensions and 
reinforcement detailing of the joint specimens. It should be noted that the length of the 
beams and columns indicated in Figure 3.1 was modified in order to fulfill the geometrical 
conditions imposed by the adopted test setup. 
The steel reinforcement details were specified in order to represent those typically adopted 
in existing pre-1970s RC building structures, designed and built without specific detailing 
for seismic demands. Inadequate transverse reinforcement in the elements framing to the 
joint, absence of joint transverse reinforcement, moment capacity of the columns lower 
than the moment capacity of the beams, inadequate anchorage solutions, and poor material 
properties (namely the use of plain reinforcing bars) are the main deficiencies associated 
with the detailing adopted for the steel reinforcement in the joint specimens under 
investigation. Comparison between the reinforcement detailing in the joint specimens and 
the specifications of the modern design codes is provided in Section 3.2.4. 
 























In specimens JPA-1, JPA-2, JPA-3, and JD (Figure 3.2): i) the beams were reinforced with 
6ϕ12 bars in the longitudinal direction and the transverse reinforcement consisted of ϕ8 
closed stirrups at a spacing of 200 mm; ii) the columns were reinforced with 4ϕ12 bars in 
the longitudinal direction and the transverse reinforcement consisted of ϕ8 closed stirrups 
at a spacing of 250 mm. The amount of steel reinforcement adopted in specimens JPA-1, 
JPA-2, JPA-3, and JD is referred to herein as standard amount of steel reinforcement. 
In comparison to the specimens mentioned above, JPB (Figure 3.3) and JPC (Figure 3.4) 
were built with twice the amount of column longitudinal reinforcement, composed by 8ϕ12 
bars. JPC was also built with larger amount of transverse reinforcement in the beams and 
columns, consisting of ϕ8 closed stirrups at a spacing of 100 mm. 
In all specimens the stirrups were bent with 90º bends, the longitudinal reinforcement of 
the elements was continuous ending with 90º bends, and there was no transverse 
reinforcement in the joint region. The concrete cover over transverse reinforcement was 
equal to 20 mm in the beams and columns. 
Table 3.1 summarizes the values of longitudinal and transverse reinforcement ratios in the 
beams and columns, computed according to Eurocode 2 (EC2) [3]. In Table 3.1: dbl is the 
diameter of the longitudinal reinforcing bars; dbw is the diameter of the transverse 
reinforcing bars; ρl is the bottom longitudinal reinforcement ratio (in the beam); ρl’ is the 
top longitudinal reinforcement ratio (in the beam); ρtot is the total longitudinal 
reinforcement ratio; ρw is the transverse reinforcement ratio; and, s is the distance between 
transverse reinforcing bars. 
Table 3.1 - Steel reinforcement details 



































JPA-1 Plain 12 0.38 0.19 0.57 8 200 0.17 12 0.50 8 250 0.13 
JPA-2 Plain 12 0.38 0.19 0.57 8 200 0.17 12 0.50 8 250 0.13 
JPA-3 Plain 12 0.38 0.19 0.57 8 200 0.17 12 0.50 8 250 0.13 
JPB Plain 12 0.38 0.19 0.57 8 200 0.17 12 1.01 8 250 0.13 
JPC Plain 12 0.38 0.19 0.57 8 100 0.34 12 1.01 8 100 0.34 
JD Deformed 12 0.38 0.19 0.57 8 200 0.17 12 0.50 8 250 0.13 





Figure 3.2 - Dimensions and reinforcement detailing of specimens JPA-1, JPA-2, JPA-3, and JD. 
 
Figure 3.3 - Dimensions and reinforcement detailing of specimen JPB. 
 





































































































































































































































































































































Figure 3.4 - Dimensions and reinforcement detailing of specimen JPC. 
3.2.2 - Materials 
Concrete 
The six joint specimens were cast on the same day, with the same concrete mixture. 
Compressive tests on 0.15×0.15×0.15 m
3
 cubic concrete samples, cast together with the 
specimens, were conducted according to the NP EN 12390-3 standard [4] to determine the 
concrete compressive strength. The mean value of concrete strength obtained in the 
compression tests is equal to 23.8 MPa, with a coefficient of variation equal to 4%. The 
characteristic compressive strength was estimated according to the NP EN 206-1 standard 
[5] and is equal to 19.8 MPa. Therefore, the concrete used in the construction of the joint 
specimens can be included in the concrete grade C16/C20 (EC2 classification). 
Steel reinforcement 
The mechanical properties of the plain reinforcing bars used in the construction of the joint 
specimens were determined resorting to tensile strength tests, carried out according to the 
EN ISO 6892-1 standard [6]. The tests were performed at the Faculty of Engineering of the 
University of Porto. Table 3.2 shows the mean values obtained for the mechanical 
properties of the plain reinforcing bars. The values of yield strength and ultimate strength 
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are substantially higher than those presented in the literature as typical values of steel 
strength of plain bars used in old-type RC structures. Nowadays, plain bars with 
mechanical properties similar to those used up to the 1970s are generally out of market. 
Based on the investigation conducted by Verderame et al. [7] on mechanical properties of 
steel reinforcement used in Italy and other countries until the early 1970s, 330 MPa and 
470 MPa can be considered appropriate reference values for the yield strength and ultimate 
strength, respectively, of plain bars used in that period. However, considering that the 
cyclic behaviour of RC structures is strongly influenced by the concrete-steel bond 
properties and that premature bond degradation is expected to occur in the presence of 
plain reinforcing bars hence preventing the steel from mobilising its capacity, the 
abnormally high values of strength determined for the steel reinforcement were not 
expected to have a significant influence on the specimens’ response. This assumption was 
confirmed in the analysis of the tests results of specimens JPA-1 and JD (Section 3.5), as 
well as in the numerical analysis described in Chapter 4. 
The steel grade A400NR (REBAP [8] classification) was specified for the construction of 
specimen JD. The mean values of the mechanical properties are also indicated in Table 3.2. 
Table 3.2 - Mechanical properties of the steel reinforcement (mean values) 
Characteristics Plain bars Deformed bars 
Yielding strength, fy (MPa) 590 480 
Ultimate strength, fu (MPa) 640 601 
Elastic modulus, E (GPa) 198 199 
 
3.2.3 - Strength capacity prediction for the beam and column sections 
Table 3.3 indicates the flexural and shear capacities (Mi,EC2 and Vi,EC2 respectively) 
predicted for the beams and columns according to the EC2 specifications. It should be 
noted that the formulation included in EC2 considers the plane section assumption and 
perfect bond conditions between concrete and steel. Therefore, the empirical procedure 
included in EC2 may not estimate accurately the strength capacity of RC elements with 





Table 3.3 - Flexural and shear capacities of the beams and columns computed according to EC2 
Specimen 





positive direction  negative direction   
Mb,EC2
+
 (kN.m)  Mb,EC2
-
 (kN.m)  Mc,EC2 (kN.m)  Vb,EC2 (kN) Vc,EC2 (kN) 
JPA-1 89  46  52  244 142 
JPA-2 89  46  52  244 142 
JPA-3 89  46  81  244 142 
JPB 89  46  120  244 142 
JPC 89  46  120  488 354 
JD 67  35  52  178 103 
 
3.2.4 - Comparison with modern code requirements for earthquake resisting 
structures 
As previously stated, the beam-column joint specimens under investigation do not meet the 
modern code seismic design requirements. Inadequate detailing of transverse and 
longitudinal reinforcing bars, poor anchorage of longitudinal bars, absence of joint 
transverse reinforcement, and the use of plain bars as steel reinforcement are the main 
deficiencies in the joint specimens. 
This section presents a comparison between the main detailing characteristics of the joint 
specimens and the rules established by Eurocode 8 - Part 1 (EC8-1) [9]. In general, 
differences can be found between the EC8-1 provisions for medium ductility class (DCM) 
and those for high ductility class (DCH). Whenever necessary, comparison with the 
EC2 [3] provisions is also presented. Again, it should be noted that the codes provisions 
consider perfect bond between concrete and steel. 
The EC8-1 and EC2 provisions referring to the beam longitudinal reinforcement are 
mainly satisfied by the six joint specimens. The amounts of longitudinal reinforcement 
comply with the code specifications. However, for DCH, EC8-1 states that at least two 
high bond bars with 14 mm diameter should be provided both at the top and the bottom of 
the beam that run along the entire length of the beam. 
To satisfy the necessary ductility conditions, among other requirements, EC8-1 states that 
the hoops diameter (dbw) within the critical regions of primary seismic beams should not be 
less than 6 mm and the spacing between hoops should not exceed the minimum value 
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indicated in Equations (3.1) and (3.2) (for DCM and DCH respectively), where dbL is the 
minimum longitudinal bar diameter and hw is the beam depth. 
 bLbww d;;d;hmins= 8225244   (3.1) 
 bLbww d;;d;hmins= 6175244  (3.2) 
 
According to EC2, the maximum spacing between transverse reinforcing bars (smax) is 
given by Equation (3.3), where d is the effective depth of the cross-section and α is the 
inclination of the transverse bars to the longitudinal axis of the beam. 
 cotg1750 d.=smax   (3.3) 
 
The joint specimens under investigation satisfy the provisions regarding the diameter of 
transverse reinforcing bars. Table 3.6 summarizes the codes provisions in terms of 
maximum distance between beam transverse reinforcing bars and comparison is 
established with the distances used in the specimens. As observed, neither of the specimens 
complies with the EC8-1 provisions. In opposition, the EC2 requirement is fulfilled in all 
cases. 
Table 3.4 - EC2 and EC8-1 provisions about maximum distance between beam transverse 
reinforcing bars (in mm) 
Specimen 
 EC8-1  
EC2 
 
Used in the specimens 
 DCM DCH   





JPB, JPC    100 
JD    200 
 
Regarding columns, EC2 states that the diameter of the longitudinal bars should not be less 
than 8 mm. This is met by the six joint specimens under investigation. 
EC8-1 states that in symmetrical cross-sections symmetrical reinforcement should be 
provided. Also, at least one intermediate bar should be provided between corner bars along 
each column side, to ensure the integrity of the beam-column joints. EC8-1 also requires 




exceed 200 mm for DCM and 150 mm for DCH. Symmetrical longitudinal reinforcement 
in the columns was provided in all the joint specimens. In relation to the other two 
provisions, these are only fulfilled by specimens JPB and JPC. 
EC8-1 states that the total longitudinal reinforcement ratio in primary seismic columns 
should not be less than 0.01 and not more than 0.04. According to EC2, the minimum 
amount of longitudinal reinforcement (As,min) should be derived from Equation (3.4), 
where: Nsd is the design axial compression force; fyd is the design yield strength of the 
reinforcement; and, Ac is the total cross-sectional area of the column. The six joint 
specimens comply with the minimum requirements of 0.2%, given by EC2, which prevails 
in Equation (3.4). However, only specimens JPB and JPC meet the EC8-1 minimum 
requirements. 
 
cydsdmin,s A.;fN.max=A 0020100  (3.4) 
 
According to EC8-1, the mechanical volumetric ratio of confining hoops, ωwd (Equation 
(3.5)) within the critical regions at the base of the primary seismic columns should be at 
least equal to 0.08 for DCM, and 0.12 for DCH or 0.08 in all column critical region above 
the base. The mechanical volumetric ratio of column transverse reinforcement was 
computed for each specimen and is presented in Table 3.5. As observed, the six joint 







core concrete of volume










Used in the specimens 
   
JPA-1, -2, -3, JPB   
0.08 
 0.11 
JPC    0.23 
JD    0.08 
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Within the critical regions of the primary seismic columns, hoops and cross-ties of at least 
6 mm for DCM and the minimum value expressed by Equation (3.6) for DCH, should be 
provided at a spacing such that a minimum ductility is ensured and local buckling of 
longitudinal bars is prevented. With this purpose, the spacing s of the hoops should not 
exceed the minimum value given in Equation (3.7) for DCM, and in Equation (3.8) for 
DCH, where bo is the minimum dimension of the concrete core (to the centreline of the 
hoops). 
dwyydLmax,bLbw
ffd.d  40  (3.6) 
 bLo d;;bmins= 81752
 
(3.7) 




According to EC2, in the vicinity of the joints the distance between hoops should not 
exceed the value expressed by Equation (3.9), where bmin stands for the minimum 
dimension of the column cross-section. 
 4002060 ;b;dmin.s= minbL  (3.9) 
 
The provisions regarding the diameter of transverse steel reinforcement are fulfilled by the 
six joint specimens under investigation. Table 3.6 summarizes the codes provisions in 
terms of maximum distance between column transverse reinforcing bars, and comparison 
is established with the distances used in the specimens. As observed, neither of the 
specimens meets the EC8-1 provisions. The EC2 requirement is only fulfilled by 
specimens JPB and JPC. 
Table 3.6 - EC2 and EC8-1 provisions about maximum distance between column transverse 
reinforcing bars (in mm) 
Specimen 
 EC8-1  
EC2 
 
Used in the specimens 
 DCM DCH   





JPB, JPC    100 





In beams and columns, for hoops used as transverse reinforcement, EC8-1 states that 
closed stirrups with 135º hooks and extensions of length 10dbw should be provided. 
Contrarily to the code provisions, transverse bars with 90º bends were used in the joint 
specimens under investigation. 
EC2 requires the reinforcing bars to be anchored in a way that the bond forces are safely 
transmitted to the concrete avoiding longitudinal cracking or spalling. The code considers 
that bends and hooks (illustrated in Figure 3.5) do not to contribute to compression 
anchorages. In the joint specimens under investigation, the longitudinal reinforcement was 
continuous ending with 90º bends. The poor anchorage, especially when combined with 
the use of plain reinforcing bars, may not be effective in preventing the bars from slipping. 
The beam-column joint specimens were built without joint transverse reinforcement. 
However, EC8-1 states that: i) the horizontal confinement reinforcement in the joint should 
be not less than that provided along the column critical regions; and, ii) at least one 




Basic anchorage length, lb, for any shape 
measured along the centreline 
Equivalent anchorage length for 
standard bend 
   
Equivalent anchorage length for 
standard hook 
Equivalent anchorage length for 
standard loop 
Welded transverse bar 
Figure 3.5 - Methods of anchorage other than by straight bars according to EC2 [3]. 
In terms of material properties, EC8-1 stipulates that concrete grade lower than C16/20 for 
DCM and C20/25 for DCH should not be used in primary seismic elements. In addition, 
only ribbed bars should be used as reinforcing steel in critical regions of primary seismic 
elements (with the exception of closed stirrups and cross-ties). The specification regarding 
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the concrete grade is met by the six joint specimens, but only for DCH. Regarding the steel 
reinforcement, with exception of specimen JD all specimens were built with plain bars 
hence against the code provisions. 
3.3 - TEST SETUP AND TESTING PROGRAMME 
The quasi-static cyclic tests were carried out under displacement controlled conditions. The 
joint specimens were tested under a lateral displacement history imposed on the free end of 
the columns, and constant column axial load. This section describes the test setup adopted 
to simulate the idealized support and loading conditions, as well as the adopted test 
procedure and loading patterns. 
3.3.1 - Test setup 
Figure 3.6 illustrates the test setup that was designed and built for the cyclic tests, with 
indication of the idealized support and loading conditions, and the nomenclature adopted 
for the elements (left and right beams, superior and inferior columns). The space 
restrictions in the laboratory, the maximum loads and displacements to be imposed in the 
cyclic tests, the stiffness and strength capacity of the specimens, and the capacity of the 
hydraulic actuators were the main parameters taken into account in the design of the test 
setup. The cyclic tests were conducted at the Civil Engineering Department of the 
University of Aveiro. Figure 3.7 depicts the test setup assembled in the laboratory. 
The available literature about experimental tests on RC structural elements shows that 
beam-column joint specimens are usually tested in the vertical position. In the present 
work, the joint specimens were tested in the horizontal position. The adopted reaction 
elements (strong floor and steel reaction frames), with the joints placed horizontally, 
conduct to a stiffer support system. To minimize the frictional forces associated with this 
configuration, four high load-carrying capacity devices with reduced friction were placed 























actuator for imposing the




























Figure 3.7 - General view of the test setup. 
 
Figure 3.8 - Location and details of the high-load carrying capacity devices used to support the self-weight of 
the joint specimens. 
Two steel reaction frames associated with sliding devices (one frame placed at each free 
end of beams) were used to simulate the support conditions of the left and right beams, 
only allowing displacements in the longitudinal direction of the beams and on-plane 
rotations (Figure 3.9). Two steel reaction frames (Figure 3.10) associated with a pinned 

















support only allowing on-plane rotations. A fifth reaction frame was designed to support 
the hydraulic servo-actuator used to impose the lateral displacements on the superior 
column (Figure 3.11). The five reaction frames were connected to the strong floor resorting 
to prestressing steel threadbars. 
The frictional forces in the devices used to carry the self-weight of the specimens and to 
simulate the support conditions of the beams were estimated to be less than 2% of the 
maximum lateral load imposed by the servo-actuator. 
 
  
























































































Figure 3.10 - Reaction frames and pinned connection designed to simulate the support conditions 




















































































































































































































































































































Cyclic behaviour of RC elements with plain reinforcing bars 
56 
 
3.3.2 - Instrumentation 
Hydraulic actuators 
One hydraulic servo-actuator and one hydraulic actuator (manual control) were arranged at 
the top of the superior column to impose the lateral displacements (dc) and the axial load 
(N) respectively. Figure 3.12 depicts the way the axial load was imposed on the columns. 
Two prestressing steel threadbars were placed along the columns, one above and the other 
below, and tensioned resorting to the hydraulic actuator, thus compressing the columns. 
This method allowed imposing the axial load without the need for an additional reaction 
frame, and minimizing the second order effects at the column-joint interfaces. 
 
Figure 3.12- Method used to impose the column axial load. 
Load cells 
Two loads cells were connected to the column pinned support to monitor the horizontal 
and vertical reaction forces (see Figure 3.10). One load cell was attached to the hydraulic 
servo-actuator to monitor the lateral loads associated with the lateral displacements 
imposed on the superior column (see Figure 3.11). One load cell was attached to the 
hydraulic actuator to control the axial load imposed on the columns (see Figure 3.12). 
LVDTs 
A total of 21 Linear Variable Displacement Transducers (LVDTs) in each joint specimen 
were used to monitor the lateral displacements of the free end of the superior column and 
beams, as well as the local deformation and evolution of crack opening in the joint region 













Figure 3.13 - LVDTs setup. 
3.3.3 - Testing programme 
Each joint specimen was subjected to a reversed cyclic lateral displacement history 
imposed on the free end of the superior column, and to constant axial load applied on the 
column top. 
Two types of displacement histories were considered (Table 3.7 and Figure 3.14) in order 
to assess the influence of magnitude of drift interval and of number of cycles on the joints’ 
response, namely on the degradation of stiffness and strength. Displacement history type 1 
was imposed on all specimens except JPA-2, and is constituted by a series of push-and-pull 
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corresponding to a total drift (Δ) equal to 4%. In the displacement history type 2 (imposed 
on specimen JPA-2) only one push-and-pull cycle is performed at each level of 
displacement, with a total of seven levels, also up to 4% drift. 
Table 3.7 - Lateral displacement histories 
dc (mm) 1 2 4 6 10 15 20 25 30 40 50 60 70 80 90 100 110 120 
Δ (%) 0.03 0.07 0.1 0.2 0.3 0.5 0.7 0.8 1.0 1.3 1.7 2.0 2.3 2.7 3.0 3.3 3.7 4.0 











Type 1 1 1 1 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 




Figure 3.14 - Lateral displacement history: a) type 1; b) type 2. 
Two levels of axial load were considered: 200 kN, representative of 2-3 storey buildings 
(corresponding to a normalized axial load equal to 9.4%); and, 450 kN, representative of  
4-5 storey buildings (corresponding to a normalized axial load equal to 21.3%). Small 
variations in the axial load, resulting from the stiffness degradation associated with the 
damage evolution, were registered for the six joint specimens. The maximum variation in 
column axial load ranged from 2.8% (for JPB) to 10.3% (for JPA-3). 
Table 3.8 indicates the type of displacement history and level of column axial load 




























































Table 3.8 - Column axial load and type of lateral displacement history imposed on the joint specimens 
Specimen JPA-1 JPA-2 JPA-3 JPB JPC JD 
Axial load (kN) 200 200 450 450 450 200 
Lateral displacement history 1 2 1 1 1 1 
3.4 - ANALYSIS OF TESTS RESULTS 
3.4.1 - Lateral load versus drift diagrams 
Figure 3.15 depicts the lateral load versus imposed drift diagrams of the beam-column joint 
specimens. The corresponding peak envelopes are plotted together in Figure 3.16. For each 
specimen, the corresponding lateral load-drift diagram shows that the global response of 
the specimen was approximately symmetric both in terms of lateral load and stiffness. 
Table 3.9 indicates for each specimen: the maximum lateral load (Fc,max); the drift level 
(ΔFc,max) at which Fc,max was registered; and, the maximum strength degradation (ΔF4%), 
computed as the ratio between the lateral load at maximum drift and Fc,max. The maximum 
difference between the maximum lateral loads in the positive and negative loading 
directions is: less than 1% for JPA-1, JPA-2 and JD; and, equal to 3% for JPA-3, 10% for 
JPB, and 4% for JPC. The relatively larger difference registered for JPB is mainly related 
to the asymmetric damage distribution in the specimen (see Section 3.4.3). 
Within the drift range imposed on the specimens, JPA-1 was the specimen for which was 
registered the lowest strength and lowest maximum strength degradation. Specimen JPA-3 
exhibited the greatest strength (1.3 times the strength of JPA-1 in the positive loading 
direction) and also the largest maximum strength degradation. In fact, only for JPA-3 was 
registered the conventional failure condition corresponding to a 20% reduction in strength 
with respect to the maximum lateral load. The pinching effect is observed for all 
specimens, being less important for the joint specimen with deformed bars and more 
evident in the responses of specimens JPB and JPC. The differences registered between the 
joint specimens in terms of maximum lateral load and strength degradation are well 
depicted by the lateral load-drift peak envelopes in Figure 3.16. 






Figure 3.15 - Lateral load versus drift diagrams of the beam-column joint specimens. 


































































































































Figure 3.16 - Peak envelopes of the lateral load-drift diagrams. 
Table 3.9 - Maximum lateral load and maximum strength degradation 














JPA-1 34.0 3.3 4.5  34.0 3.7 1.7 
JPA-2 35.8 3.0 5.8  35.8 3.0 5.7 
JPA-3 43.3 2.7 26.6  41.9 2.3 22.1 
JPB 39.5 2.3 15.8  35.4 2.0 5.1 
JPC 38.3 3.3 10.0  36.7 3.0 11.1 
JD 39.0 2.0 19.0  39.1 2.0 13.9 
 
Figure 3.17 represents for each specimen the values of the peak lateral load registered at 
each level of imposed drift, measured in the first cycle, in the positive loading direction. 
The values are represented from the drift level at which the specimens reached the 
maximum lateral load Fc,max. In Figure 3.17-b, for each specimen, the values of lateral load 
are normalized to Fc,max. The observed strength degradation is directly related to the 
damage. Specimens JPA-3 and JD display a more pronounced strength degradation due to 
the damage developed in the joint region (see Section 3.4.3). Even if not depicted in Figure 
3.17, the strength degradation that occurred within the same level of imposed drift, from 
the first to the third cycle, is equal to about: 5% to 10% in JPA-1, 7% to 14% in JPA-3, 8% 
to 12% in JPB, 7% to 12% in JPC, and 4% to 6% in JD. 
Figure 3.18 represents for each specimen the evolution of the secant stiffness (ksec = Fc/dc), 
calculated for the first cycle of each level of imposed drift in the positive loading direction. 
The values are represented from 0.3% drift, for which the cracking had onset in all the joint 
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specimens. In Figure 3.18-b, for each specimen, the values of secant stiffness are 
normalized to the secant stiffness calculated for the cycle corresponding to 0.3% drift 
(ksec,0.3%). In general, the six joint specimens display similar evolutions of the secant 
stiffness. Until reaching the maximum lateral load, the specimen with deformed bars have 
slightly larger secant stiffness than the specimens with plain reinforcing bars. At the 
maximum drift, the secant stiffness is similar for all the tested specimens. 
  
(a) (b) 
Figure 3.17 - Strength degradation: a) absolute values; b) values normalized to the maximum lateral load. 
  
(a) (b) 
Figure 3.18 - Secant stiffness degradation: a) absolute values; b) values normalized to the secant stiffness 
at 0.3% drift. 












































































































3.4.2 - Moment versus curvature diagrams and curvature demands 
Figure 3.19 and Figure 3.20 depict the moment-curvature diagrams of the joint specimens 
plotted for the middle section of slice 1 in the beams and columns. The moments were 
computed assuming a linear moment distribution along the elements’ length. The curvature 
corresponds to the mean curvature estimated for slice 1. For each element and at each step, 
the mean curvature was computed as the θ1,2/L1 ratio, in which θ1,2 stands for the relative 
rotation between the slice 1-slice 2 interface section and the slice 1-joint interface section, 
and L1 is the length of slice 1. The relative rotation θ1,2 was computed as the ratio Δl1/b1, in 
which Δl1 stands for the difference between the values of displacement recorded by the two 
LVDTs located in slice 1, and b1 is the distance between the LVDTs. Regarding specimen 
JPA-3, the moment-curvature relationships of the beams and columns do not include the 
results corresponding to the last two drift levels due to problems with the LVDTs involved 
in the computation. 
Figure 3.19 and Figure 3.20 also indicate the flexural capacity of the elements estimated 
according to EC2 (Table 3.3). 
Table 3.10 indicates the ratio of maximum moment in the elements (Mb,max and Mc,max, 
computed at the beam-joint and column-joint interfaces respectively) to the corresponding 
moment capacity predicted by EC2 (Table 3.3). 
The response of the joint specimens was not perfectly symmetrical. Small differences in 
terms of both moment and curvature were registered between the right and left beams, and 
between the superior and inferior columns. In the comparative analyses presented next, the 
results are discussed only for one beam and one column. 
Table 3.10 - Ratio between the maximum moment and the moment capacity according to EC2 














JPA-1 0.67 0.67 0.84 
JPA-2 0.69 0.87 0.89 
JPA-3 0.85 0.87 0.68 
JPB 0.81 0.68 0.40 
JPC 0.83 0.69 0.40 
JD 1.09 1.05 0.97 






Figure 3.19 - Moment-curvature diagrams of slice 1 in the beams. 






































































































































































































Figure 3.20 - Moment-curvature diagrams of slice 1 in the columns. 
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The analysis of the moment-curvature diagrams and Table 3.10 shows that: 
 In the specimens with plain reinforcing bars, the maximum flexural demands 
imposed on the beams and columns are lower than the corresponding flexural 
capacities computed according to the EC2 expressions. 
 In the specimens with plain reinforcing bars, the flexural capacity of the beams was 























 for JPC. 
 In the specimens with plain reinforcing bars, the flexural capacity of the columns 
was reached in all the tested specimens except in JPB and JPC, and is equal to 
0.84Mc,EC2 for JPA-1, 0.89Mc,EC2 for JPA-2, and 0.68Mc,EC2 for JPA-3. Figure 3.20 
shows that for JPB and JPC the column response at the maximum imposed drift is 
mainly elastic. The maximum flexural demands imposed on the columns of JPB 
and JPC are equal to 0.40Mc,EC2. 
 In the specimen with deformed bars, the flexural capacity of the beams was reached 





 respectively. The flexural capacity of the columns was also reached and 
is equal to 0.97Mc,EC2. 
Therefore, it can be concluded that EC2 provided a good estimate of the elements’ strength 
for the specimen with deformed bars, overestimating the beams’ strength in 9% and 
underestimating the columns’ strength in 3%. Conversely, for the specimens with plain 
reinforcing bars the EC2 expressions overestimated the elements’ strength in about 13% to 
33%. In these specimens, the elements’ maximum strength was conditioned by the poor 
bond conditions between the concrete and the plain reinforcing bars. 
Figure 3.21 depicts the estimated values of maximum mean curvature of slice 1, in the 
beams and columns, at each level of imposed drift. Again, it should be noted that the 
maximum mean curvature in the elements of specimen JPA-3 is not represented for the last 
two drift levels due to problems with the LVDTs involved in the computation. The 
curvature envelope determined for each specimen is consistent with the damage evolution 





Figure 3.21 - Maximum mean curvatures of slice 1. 
3.4.3 - Damage observed 
The specimens with plain reinforcing bars displayed, in general, a similar damage 
distribution (Figure 3.22-a). Damage was heavily concentrated at the beam-joint and 
column-joint interfaces (within slice 1), in one main crack at each interface section. 
Damage within slice 2 was in most cases negligible, and damage was not observed from 
slice 2 to the end of the elements’ length. Cracking in the right beam of specimens JPA-3 
and JPB was initiated within slice 2, at a position coincident with the location of a stirrup, 
and not at the beam-joint interface. In specimens JPB and JPC, cracking was mostly 
concentrated at the beam-joint interfaces, while cracking at the column-joint interfaces was 
minor. Specimen JPA-3 also displayed severe cracking in the joint region, with concrete 
cover spalling. In this specimen, despite a few inclined cracks with relatively small 
opening, the damage in the joint region was mainly defined by two diagonal cracks. 
Conversely to what was observed in the joint specimens with plain bars, the joint specimen 
with deformed bars displayed a more widely spread damage distribution (Figure 3.22-b). 
Cracking was spread along the length of the beams and columns, and cracking and 
concrete cover spalling was observed within the joint region. Contrarily to what was 
observed in JPA-3, several inclined cracks with relatively small opening were developed in 
the joint region. Similar differences in cracking pattern between joint specimens with plain 
and deformed reinforcing bars were observed, for example, in the experimental tests 
carried out by Genesio et al. [10]. In the joint specimens with deformed bars several 


















































Cyclic behaviour of RC elements with plain reinforcing bars 
68 
 
diagonal cracks covered the whole joint core, whereas in the case of the joint specimen 
with plain bars two large cracks determined the joint behaviour. 
  
(a) (b) 
Figure 3.22 - General damage distribution observed in the specimens with plain reinforcing bars (a) and 
damage distribution in the specimen with deformed bars (b). 
Table 3.11 indicates the drift levels corresponding to the onset of cracking at the beam-
joint and column-joint interfaces, and onset of diagonal cracking in the joint region. In all 
specimens, cracking was first registered in the beams at drift levels ranging from 0.07% to 
0.20%. Cracking in the columns was registered at drift levels ranging from 0.33% to 2%. 
The onset of cracking in the columns tested with larger axial load (in specimens JPA-3, 
JPB, and JPC) occurred at drift levels superior to those registered for the columns with 
lower axial load. Table 3.11 also indicates the values determined for the maximum crack 
opening. 
Figure 3.23 depicts the damage state in the specimens at the maximum imposed drift (4%). 
Figure 3.24 illustrates the crack pattern corresponding to the final damage state. 
Table 3.11 - Drift corresponding to the onset of cracking and maximum crack opening 
 Cracking at the beam-joint and column-joint interfaces Drift at first 
diagonal crack 












JPA-1 0.07 5.9 0.8 5.9 - 
JPA-2 0.1 4.3 0.1 8.2 - 
JPA-3 0.1 6.9 1.3 3.1 2.7 
JPB 0.2 12.4 2.0 0.1 - 
JPC 0.1 12.2 1.7 0.3 - 


















Figure 3.23 - Damage state at maximum drift. 
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Figure 3.24 - Crack pattern corresponding to the final damage state. 
3.4.4 - Shear forces and stresses in the joint 
The joint shear stress is usually expressed in terms of the nominal shear stress, or in terms 
of the principal compression or tensile stresses. 
The nominal shear stress (νjh) in the joint concrete, if computed from the horizontal shear 
force, is given by Equation (3.10), where: Vjh is the horizontal shear force in the joint, 
given by Equation (3.11) according to Hakuto et al. [11]; bj is the joint effective width, 
given by Equation (3.12) [9, 11, 12]; and, hjc is the horizontal distance between the 
outermost layers of column reinforcement in the direction of the horizontal joint shear 
force. In Equation (3.11) (see also Figure 2.9 in Chapter 2): Mb1 and Mb2 are the beam 
moments at the face of the joint core; jd1 and jd2 are the lever arms between the tensile 
forces and the centroids of the compressive forces, at the right and left-hand sides of the 
joint respectively; and, VC is the shear force in the column above the joint. In Equation 
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A measure of the principal stresses (pt) at the mid-depth of the joint core, as found from the 
Mohr’s circle, is given by Equation (3.13) [11], where: fa stands for the nominal axial 
compressive stress on the column, computed from the column axial load N (Equation 
(3.14)); and compressive stresses are taken as negative. According to Hakuto et al. [11], 
Equation (3.13) is not adequate for determining the principal compression stresses after the 



























According to Hakuto et al. [11], one approach for the assessment of the shear strength of 
interior beam-column joints without shear reinforcement is to assume that the shear 
strength is reached at the stage of initial diagonal tension cracking of the joint core, that is, 
when the principle tensile stress exceeds the tensile strength of the joint concrete. 
However, Hakuto et al. [11] also state that this joint core failure criterion may be too 
conservative since the joint core may be able of transferring significantly higher shear 
forces after diagonal tension cracking occurs by means of the diagonal compression strut 
mechanism. In this case, the joint failure occurs as a result of diagonal compression failure. 
Therefore, limiting the nominal shear stress to a specific value expressed as function of the 
concrete compressive strength could be a more adequate criterion. 
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EC8 [9, 13] evaluates the shear capacity of the joints by limiting the diagonal compression 
induced in the joint by the diagonal strut mechanism to the concrete compressive strength 
(fc) in the presence of transverse tensile strains. For interior joints, in the absence of a more 
precise model, this requirement may be fulfilled if Equation (3.15) is satisfied. In Equation 





 1  (3.15) 




Table 3.12 indicates for each joint specimen the estimated values of maximum horizontal 
shear force (Vjh,max), maximum principal tensile stress (pt,max) expressed in terms of the 
square root of the concrete compressive strength, and the corresponding drift level 
(Δ(pt/√fc)max). Figure 3.25 depicts the ratio of principal tensile stress to square root of the 
concrete compressive strength versus drift diagrams. 
Assuming that the maximum shear strength of the joint is reached when diagonal tension 
cracking occurs, only specimens JPA-3 and JD developed the full strength capacity of the 
joint. The principal tensile stress was increased up to 0.30√fc in JPA-3 and 0.39√fc in JD, 
corresponding to the occurrence of diagonal cracking in the joint. As shown in Table 3.12, 
for JPA-3 and JD were determined the maximum demands in terms of shear force and 
principal tensile stress respectively. 
In comparison to JPA-3, lower shear force demands were computed for the other joint 
specimens with plain reinforcing bars (JPA-1, JPA-2, JPB and JPC). The corresponding 
maximum principal tensile stresses are, however, similar to those computed for JPA-3, 
particularly for JPA-1 and JPA-2. However, as previously stated, diagonal cracking in the 
joint region did not occur in these specimens. It should be noted that, in Equation (3.13), 
used to estimate the principal tensile stresses in the joint, the stresses νjh  and  fa are both 
nominal values since they are not uniform over the horizontal plane at the mid-depth of the 
joint core [11]. In addition, the stress distribution inside the joint core is rather complex 




Figure 3.25 shows for the six joint specimens a reduction in the principal tensile stresses in 
the joint. For JPA-3 and JD, the stresses in the joint are significantly reduced after diagonal 
tension cracking occurs. For the other specimens, the principal tensile stresses reduction 
after the maximum value is relatively smoother due to the evolution of damage in the beam 
and column extremities, reducing the force and deformation demands imposed on the joint. 
Table 3.12 - Maximum values of horizontal shear force and maximum principal tensile stress in the joint 














JPA-1 247 0.32√fc 3.3 249 0.32√fc 3.7 
JPA-2 264 0.34√fc 3.0 264 0.34√fc 3.0 
JPA-3 318 0.30√fc 2.7 308 0.28√fc 2.7 
JPB 291 0.26√fc 2.3 261 0.22√fc 2.0 
JPC 282 0.25√fc 3.3 270 0.23√fc 3.0 
JD 286 0.39√fc 2.0 288 0.39√fc 2.0 
 
The upper limit given by EC8 for the horizontal shear force in the joints was computed 
using Equation (3.15) and is equal to: 1213 kN for JPA-1, JPA-2 and JD; and, 1044 kN for 
JPA-3, JPB and JPC. The maximum horizontal shear forces estimated for the specimens 










Figure 3.25 - Principal tensile stress versus drift diagrams. 











































































3.4.5 - Drift components 
This section studies, firstly, the relative contribution of the beam and column deformations 
to the overall deformation of the joint specimens with plain reinforcing bars and, secondly, 
the relative contribution of the linear and nonlinear deformation components. For each 
joint specimen, the direct integration method was used to estimate the total drift and the 
relative contribution of each component. Considering the type of damage in the specimens 
with plain reinforcing bars (concentrated at the beam-joint and column-joint interfaces), 
neglecting the shear deformation in the elements, and assuming a linear distribution of 
moment along the beam and column lengths, the curvature distribution in each element 
was analytically established. Thus, in the analytical formulation the following assumptions 
were made for the curvatures of each element (Figure 3.26): a linear variation from the 
element extremity (where the curvature is zero) to the interface between slices 1 and 2, that 
is, from point A to point B; and a parabolic variation between this section and the interface 
between slice 1 and the joint (where the maximum curvature occurs), that is, from point B 
to point D. In the calculations, the mean values of curvature measured in slices 1 and 2 
(curvslice1 and curveslice2 respectively) were used as input in the analytical expressions 
derived. Considering the assumptions previously presented, the direct integration method 
was used to determine the deflection (d) and rotation (φ) along the length of the elements. 
Based on the analytical equations established for each element, and considering the 
compatibility conditions in terms of displacements and rotation at the joint, as well as the 
displacement restraints at the supports, the deformation equations of the specimens were 
obtained. With the expressions derived, the lateral displacement at the free end of the 
superior column (dtop,CS) was determined at each time step and compared to the 
corresponding value imposed in the cyclic test. 
In general terms, a good match was found between the experimental and analytical results. 
Within the drift range for which was observed a better agreement between the 
experimental and analytical results (in general, from 0.3% to 4% drift), the maximum 
difference registered between the experimental and analytical displacements was: 8% for 
JPA-1, 7% for JPA-2, 15% for JPA-3, 19% for JPB, and 9% for JPC. Therefore, the 
analytical equations were used for determining the relative contribution of each element to 
the total lateral displacement (which is proportional to the lateral drift). The estimated 
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relative contribution of the beams and columns to the total drift is depicted in Figure 3.27 
for the joint specimens with plain reinforcing bars. 
Specimen JD was excluded from the drift components analysis. The curvature distribution 
adopted for the specimens with plain bars does not represent that in the specimen with 
deformed bars, and the experimental values of curvature (only measured in slices 1 and 2) 
are not sufficient for a precise definition of the curvature distribution in specimen JD. 
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As previously stated, the main crack in the right beam of specimens JPA-3 and JPB was 
developed within slice 2 and not at the interface with the joint region. For this analysis, the 
experimental values of curvature determined for the left beam were used as reference 
values of curvature for the right beam. 
For specimen JPA-3, the analytical results in Figure 3.27 are presented only up to 2.7% 
drift, for which was registered the onset of cracking in the joint region. From that point, the 
contribution of the joint shear deformation to the overall deformation of specimen JPA-3 
becomes relevant hence against the assumptions considered in the analytical method. 
The analytical results depicted in Figure 3.27 show that for lower imposed drift levels the 
beams deformation controls the total drift associated with the deformation of the joint 
specimens. For specimens JPA-1, JPA-2 and JPA-3, the relative contribution of the 
columns deformation to the total drift increases with the imposed lateral drift. However, 
this increase is less pronounced for JPA-3. Conversely, in specimens JPB and JPC, the 
relative contribution of the columns deformation decreases as the imposed drift increases. 
In all cases, the analytical results are in coherence with the observed damage evolutions. At 
the maximum imposed drift, the estimated relative contribution of the columns 
deformation to the total drift is equal to 60% for JPA-1, 73% for JPA-2, above 26% for 
JPA-3, 4% for JPB, and 6% for JPC. 
A different curvature distribution was assumed for the analysis of the relative contribution 
of the elements’ linear and nonlinear deformation components to the total drift imposed on 
the joint specimens. The linear curvature variation from the free end of the elements to the 
interface between slices 1 and 2 (depicted in Figure 3.26) was extended to the entire span 
of each element. The displacement at the free end of the superior column was again 
calculated, now corresponding to the contribution of the linear elastic deformation. The 
difference between the drifts obtained considering the first and the second approaches 
(with different curvature distributions) gives the contribution of the nonlinear deformation 
of the elements, which is associated with the damage and deformation mechanisms 
concentrated at the beam-joint and column-joint interfaces. Figure 3.28 represents the 
relative contribution of the linear elastic deformation and nonlinear deformation 
components for each joint specimen, showing the significant contribution of the latter from 
early drift levels (from 0.2% drift). 








Figure 3.27 - Relative contribution of beams and columns to the total drift. 






































































































































































Figure 3.28 - Relative contribution of linear elastic deformation and nonlinear deformation to the total drift. 
3.4.6 - Ultimate rotation capacity 
The ultimate rotation capacity of the beam-column joint specimens was computed 
according to Eurocode 8 – Part 3 (EC8-3 [13]). EC8-3 evaluates the deformation capacity 
of RC elements (beams, columns and walls) in terms of the chord rotation, defined by the 
code as the angle between the tangent to the axis at the yielding end and the chord 
connecting that end with the end of the shear span, that is, the point of contraflexure. The 
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chord rotation is also equal to the element drift ratio. For elements with deformed bars and 
with seismic detailing, the ultimate rotation capacity is computed using Equation (3.17), 
where: γel is equal to 1.5 for primary seismic elements and to 1.0 for secondary seismic 
elements; Lv/h is the shear span ratio (Lv stands for the moment/shear ratio at the end 
section); ν is the normalized axial load (positive for compression); ω and ω’ are the 
mechanical reinforcement ratio of the tension and compression longitudinal bars 
respectively; fc and fyw are the concrete compressive strength and the stirrup yield strength 
respectively; ρsx is the ratio of transverse steel parallel to the direction x of loading; ρd is 
the steel ratio of diagonal reinforcement (if any) in each diagonal direction; and, α is the 
confinement effectiveness factor. Details about each parameter can be found in EC8-3. 
For elements with plain reinforcing bars the ultimate rotation capacity is given by Equation 
(3.17) multiplied by a correction coefficient, which is always inferior to 1. For elements 
without lapping of the longitudinal bars (as the joint specimens under investigation) the 
correction coefficient is equal 0.575. This correction coefficient already takes into account 
the lack of seismic detailing. 
























































According to Verderame et al. [14] a “corrigenda” document to EC8-3 [15] was presented 
changing some of the code provisions, including those regarding the ultimate deformation 
capacity of RC elements with plain reinforcing bars. In particular, the correction 
coefficient aforementioned was increased to 0.80. In either case, the ultimate rotation 
capacity predicted by the code for elements with plain reinforcing bars is lower than that 
for elements with deformed bars, given equal the structural characteristics and details. 
However, recent experimental results [14, 16] indicate the contrary, showing the 
significant contribution of fixed-end rotations resulting from bar slippage to the rotation 
capacity of elements with plain reinforcing bars. As stated in Chapter 2, a critical review of 
some of the available formulations for estimating the ultimate rotation capacity of RC 
elements with plain reinforcing bars, with particular focus on the EC8-3 approach, was 




available experimental values and the corresponding theoretical values resulting from the 
code expressions, the authors conclude that both the approaches presented in the literature 
and in EC8-3 are characterized by high values of the coefficient of variation of the 
experimental-to-predicted capacity ratio. A new correction coefficient was proposed by 
Verderame et al. [14] based on the test results of several test campaigns on RC columns 
with plain reinforcing bars. For elements without lapping of longitudinal bars the 
correction coefficient is equal to 1.0. 
Table 3.14 presents the values of ultimate rotation capacity of the joint specimens 
computed using Equation (4.8) multiplied by the correction coefficient. The values 
adopted/estimated for the parameters involved in the computation are indicated in Table 
3.13. The elements were considered as primary seismic elements according to the EC8-3 
classification hence parameter γel was made equal to 1.5. Three correction coefficients 
were considered: i) the correction coefficient prescribed by EC8-3 [13], equal to 0.575; 
ii) the new EC8-3 correction coefficient, equal to 0.80 [14]; and, iii) the correction 
coefficient proposed by Verderame et al. [14], equal to 1.0. Accordingly and respectively, 
three values of ultimate rotation capacity for each joint specimen are presented in 
Table 3.13: θu,EC8, θ’u,EC8 and θu,Verd. 
Table 3.13 - Values adopted for the parameters involved in the computation of the ultimate rotation capacity 
according to EC8-3 
Specimen 
Parameters 
γel ν ω = ω' fc (MPa) Lv/h α ρsx fyw ρd 
JPA-1 1.5 0.095 0.0631 23.8 5 0.11 0.001 590 0 
JPA-2 1.5 0.095 0.0631 23.8 5 0.11 0.001 590 0 
JPA-3 1.5 0.21 0.0631 23.8 5 0.11 0.001 590 0 
JPB 1.5 0.21 0.1262 23.8 5 0.11 0.001 590 0 
JPC 1.5 0.21 0.1262 23.8 5 0.279 0.003 590 0 
 
Table 3.14 - Theoretical values of ultimate rotation capacity 
Specimen 
Ultimate rotation capacity, % 
θu,EC8 θ’u,EC8 θu,Verd. 
JPA-1 1.98 2.75 3.44 
JPA-2 1.98 2.75 3.44 
JPA-3 1.72 2.39 2.99 
JPB 1.72 2.39 2.99 
JPC 1.83 2.55 3.18 
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To make a comparison between the ultimate rotation capacity predicted by EC8-3 and 
ultimate rotation capacity estimated from the experimental results, joint rotation had to be 
subtracted from the total drift imposed on the specimens so that the columns’ chord 
rotation could be obtained. Joint rotation was estimated resorting to the integration method 
used to determine the drift components in Section 3.4.5. For the reasons previously stated, 
specimen JD was excluded from the ultimate rotation capacity analysis.  JPA-3 was also 
excluded from this analysis since for drift levels superior to 3% the direct integration 
method did not provide a good match between the experimental and analytical results. 
Therefore, the maximum column chord rotation could not be determined for this specimen. 
Figure 3.29 shows the lateral load versus column chord rotation diagrams obtained for the 
joint specimens with indication of the failure condition for which the rotational capacity is 
usually evaluated (corresponding to a 20% reduction in strength) and the theoretical values 
of ultimate rotation capacity. A reduction in strength equal to or larger than 20%, measured 
in the lateral load versus chord rotation diagrams, was not registered for either of the joint 
specimens under investigation. In fact, the maximum reduction recorded is only equal to 
6% (for specimen JPA-2). Therefore, it was not possible to determine the experimental 
values of ultimate rotation capacity of the joint specimens. Figure 3.29 shows that:  
i) JPA-1 achieves the ultimate rotation capacity θu,EC8 for a reduction in strength equal to 
4%; ii) JPA-2 reaches θu,EC8 for its peak strength, and θ’u,EC8 for a reduction in strength 
equal to 6%; and, iii) JPB and JPC reach neither of the three theoretical values of ultimate 
rotation capacity. For JPA-2, and considering the tendency displayed by the lateral load 
versus column chord rotation diagram in the last cycles, the approach proposed by 
Verderame et al. [14] seems to give better results. 
Table 3.15 presents the experimental values of maximum chord rotation (θexp,max) estimated 
for each joint specimen, as well as the ratio of the latter to the theoretical values of ultimate 
rotation capacity (θu,exp/θu,EC8, θu,exp/θ’u,EC8 and θu,exp/θu,Verd). The maximum values of 
column chord rotation determined for specimens JPB and JPC are very small (20% and 
10% respectively, of the ultimate rotation capacity predicted by EC8-3). This is consistent 
with the damage distribution in the specimens and the results of the drift components 
analysis depicted in Figure 3.27, which shows the relatively minor contribution of the 






Figure 3.29 - Lateral load versus column chord rotation diagrams. 
Table 3.15 - Maximum chord rotation and ratio to theoretical values of ultimate rotation capacity 
Specimen θexp,max θexp,max /θu,EC8 θexp,max /θ’u,EC8 θexp,max /θu,Verd 
JPA-1 2.18 1.1 0.8 0.6 
JPA-2 2.95 1.5 1.1 0.9 
JPB 0.37 0.2 0.2 0.1 
JPC 0.18 0.1 0.1 0.1 
 
3.4.7 - Energy dissipation 
In Figure 3.30 the evolution of dissipated energy, computed as the area under the lateral 
load-drift diagrams, is plotted for all specimens except JPA-2. Specimen JPA-2 was 
excluded from this analysis since it was subjected to a displacement history different from 
the one imposed on the other specimens.  




















































































































































Figure 3.30 - Evolution of dissipated energy. 
Figure 3.30 shows that up to 2% drift the evolutions of dissipated energy are similar. 
Afterwards, the energy dissipation increases with higher rate for specimen JPA-3 than for 
the other joint specimens, for which the evolution of dissipated energy remained relatively 
similar. The total energy dissipated by JPA-3 was about 1.5 times the total energy 
dissipated by each of the other joint specimens with plain reinforcing bars, and 1.4 times 
the total energy dissipated by the joint specimen with deformed bars. 
Table 3.16 indicates for each specimen the values of energy corresponding to: i) dissipated 
energy up to 1%, 2%, 3% and 4% drift, that is, cumulative energy Ecum; ii) dissipated 
energy between these levels of drift, Edrift,i-i+1 (for example, Edrift,1-2 is the energy dissipated 
between 1% and 2% drift); and, iii) total dissipated energy Etotal. The energy values Ecum 
and Edrift,i-i+1 are normalized to the maximum energy dissipated at or up to a given drift 
level among the specimens under analysis, allowing for a comparison between the energy 
dissipation rates. 
Table 3.16 - Energy dissipation 
Specimen 
Normalized values of dissipated energy at different drift levels 
Etotal 
(kN.mm) 
1% drift 2% drift 3% drift 4% drift 
Ecum Edrift,1 Ecum Edrift,1-2 Ecum Edrift,2-3 Ecum Edrift,3-4 
JPA-1 0.86 0.86 0.78 0.74 0.74 0.71 0.66 0.58 28003 
JPA-3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 42431 
JPB 1.00 1.00 0.91 0.86 0.83 0.76 0.65 0.47 27379 
JPC 0.97 0.97 0.87 0.82 0.82 0.78 0.69 0.58 29431 






































The relative contribution of the beams and columns to the total energy dissipated by the 
joint specimens was estimated at each level of imposed drift and is depicted Figure 3.31. 
The parcel of dissipated energy associated with each element was estimated from the 
corresponding moment-rotation diagrams plotted for the middle section of slices 1 and 2. It 
should be noted that in each case the rotation corresponds to the relative rotation measured 




Figure 3.31 - Relative contribution of beams and columns to the total dissipated energy. 
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The maximum difference between the dissipated energy computed from the lateral 
load-drift diagrams and that computed as the sum of the parcels of energy estimated from 
the moment-rotation diagrams, registered for the maximum imposed drift, is equal to: 7% 
for JPA-1, 12% for JPA-2, 13% for JPA-3, 34% for JPB, 5% for JPC, and 11% for JD. 
These differences are related to the damage in the joint region (namely in specimens JPA-3 
and JD), to bar slippage, and to the frictional forces in the testing devices (high-load 
carrying capacity devices used to support the self-weight of the specimens, and sliding 
devices in the beams). 
In Figure 3.31 the relative contribution of the elements is represented from the drift level 
corresponding to the onset of cracking. For specimens JPA-3 and JPB the values are only 
represented up to 2.3% drift and 1.7% drift respectively due to problems with the LVDTs.  
For all specimens, the results in Figure 3.31 show that for lower levels of imposed drift the 
energy dissipation is mainly associated with the beams deformation. For specimens JPA-1, 
JPA-2, JPA-3, and JD the relative contribution of the columns to the total dissipated energy 
increases as the imposed lateral drift increases. At the maximum drift, the estimated 
relative contribution of the columns is equal to 45% for JPA-1, 67% for JPA-2, superior to 
8% for JPA-3, and 57% for JD. Conversely, in specimens JPB and JPC the relative 
contribution of the beams to the total dissipated energy is above 90% from the beginning to 
the end of the corresponding cyclic tests. The evolution of the relative contribution of the 
elements to the total dissipated energy is in agreement with the observed damage 
evolutions. 
3.4.8 - Equivalent damping and ductility demands 
Figure 3.32-a shows the response of the specimens in terms of equivalent damping versus 
displacement ductility. For specimens JPA-1, JPA-3, and JD Figure 3.32-a also shows the 
curves that best fit the experimental results. JPA-2 was also excluded from this analysis. 
The total equivalent viscous damping equations proposed in the literature are divided into 
two parts [17]: ξ0, the initial damping in the elastic range; and, ξhyst, the equivalent damping 
ratio that represents the dissipation due to the nonlinear (hysteretic) behaviour. For the 
quasi-static cyclic tests reported in this work, the equivalent damping is equal to the 




(3.18), where Ahalf-loop stands for the area under each half force-displacement cycle (hence, 
dissipated energy), and Fmax and Dmax are the maximum force and the corresponding 














The displacement ductility (µΔ) was computed as the ratio of lateral displacement to 
yielding displacement. The yielding displacement was determined according to Annex B.3 
of EC8-1, and was estimated equal to: 28.2 mm for JPA-1 and JPA-2; 31.1 mm for JPA-3; 
26.0 for JPB; 27.0 for JPC; and, 23.8 mm for JD. 
Table 3.17 shows the values of equivalent damping and displacement ductility estimated 
for the maximum imposed drift. Within the drift range under analysis, the largest and 
lowest ductility demands were imposed on JD (μ=5.0) and JPA-3 (μ=3.8) respectively. 
However, even if the lowest demand in terms of ductility was imposed on JPA-3, it is 
recalled that this was the only joint specimen that reached the conventional failure 
condition. 
Table 3.17 - Equivalent damping and displacement ductility at the maximum drift 
Specimen ξeq (%) µΔ (%) 
JPA-1 7.1 4.3 
JPA-3 12.3 3.9 
JPB 5.3 4.6 
JPC 6.1 4.4 
JD 7.1 5.0 
 
Figure 3.32-b shows a comparison between the experimental results and the equivalent 
damping versus displacement ductility relationships computed using some of the existing 
equivalent damping equations [17], namely: Equation (3.19), proposed by Priestley [19] 
for concrete frames; and, Equation (3.20), associated with the Takeda model [20]. This 
comparative analysis was made considering that many of the existing RC building 
structures that were built without specific detailing for seismic demands tend to develop a 
soft-storey mechanism and, therefore, the response of the beam-column joints of a weak 
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storey can be correlated with the response of the overall structure. In Figure 3.32-b a 
comparison is also made with the equivalent damping versus displacement ductility 
relationship computed using Equation (3.21), proposed by Varum [18] based on the results 
of a series of pseudo-dynamic tests of a RC frame structure built with plain reinforcing 
bars. In Equation (3.20) the elastic damping (ξ0) was made equal to 5%, as common 
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Figure 3.32 - Equivalent damping versus displacement ductility: a) experimental results; b) comparison with 
the results from existing equivalent damping equations. 
The equivalent damping-displacement ductility relationships determined from Equations 
(3.19) to (3.21) significantly overestimate the experimental results. Equations (3.19) and 
(3.20) are more adequate for structures with larger energy dissipation capacities. This 
highlights the need for the development of simplified expressions, based on experimental 





























































































data, for the assessment of existing RC building structures built without specific detailing 
for seismic demands and, in particular, with plain reinforcing bars. Regarding Equation 
(3.21), the experimental results used by Varum [18] for determining the equivalent 
damping-displacement ductility relationship refer to a particular storey. In these tests, the 
storey response was mainly governed by the behaviour of a strong column. Conversely to 
what was observed in the joint specimens under investigation, damage in that strong 
column was not concentrated at the interface with the joint. Instead, it was spread along a 
relatively larger plastic hinge region. Therefore, the associated energy dissipation is 
expected to be larger than that displayed by the beam-column joint specimens under 
investigation. 
3.4.9 - Damage index 
Among the various damage indices available in the literature, the most widely used is the 
Park and Ang (PA) damage index [22], which expresses the seismic structural damage as a 
linear combination of the damages caused by the maximum deformation and by repeated 
cyclic loading effect (that is, energy dissipation) [18]. The PA damage index is calculated 
using Equation (3.22). It can be applied at different levels, namely at mechanism, storey 
and global levels, and as a combination of the local damage indices. In Equation (3.22) 
[18]: PAi is the Park and Ang damage index for the storey i; umax,i is the maximum inter-
storey displacement of storey i; uu,i is the ultimate inter-storey deformation (under 
monotonic loading); β is the strength deterioration parameter (non-negative); Py,i is the 
yielding strength; and, ∫dEi is the incremental hysteretic dissipated energy. A value of the 














Many empirical expressions for the strength deterioration parameter (β) are available in the 
literature. According to Varum [18], one of the most used expressions is the one proposed 
by Kunnath et al. [23] and adapted by Arêde [24], expressed in the form of Equation 
(3.23), where: ρw is the volumetric confinement ratio (volume of closed stirrups divided by 
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the volume of confined concrete core); ν the normalized axial load (taken positive if 
compressive); and, ωt, the mechanical ratio of tension reinforcement. 
    2100 17.05.005.0;max37.09.0  tw    (3.23) 
 
Park et al. [25] suggest an expression to estimate the ultimate displacement. This 
expression adapted to the SI units system (kN, m) can be written in the form of Equation 
(3.24) and considering Equations (3.25) to (3.27), where: Ru(%) is the ultimate rotational 
capacity (in percent); δu the ultimate horizontal displacement capacity; l/d the shear span 
ratio; ρ the normalized steel ratio; pt the volumetric ratio of longitudinal steel; ρw the 
confinement ratio (in percent; replaced by 0.4%, if ρw < 0.4%); no the normalized axial 
stress (replaced by 0.05 if no < 0.05); P the axial load (in kN); b the width of the cross-
section; d the effective depth of the cross-section; fc the concrete strength (in kPa); and, fy 
the yield strength of the steel reinforcement (in kPa). 
  15.048.00
48.027.093.0958.1(%)   cwu fndlR   (3.24) 
lR uu   (3.25) 
cyt ffp /  (3.26) 
)/(0 cfdbPn   (3.27) 
 
The PA damage index was computed for each of the joint specimens under investigation. 
The PA damage index corresponding to each level of imposed drift was computed using 
Equation (3.22). The parameters involved in the computation were determined considering 
the columns properties. Table 3.18 indicates the values of the strength degradation 
parameter (Equation (3.23)) and ultimate displacement (Equation (3.24)) determined for 
the joint specimens. 
Table 3.18 - Values estimated for the strength degradation parameter (β) and ultimate displacement (uu) 
 JPA-1 JPA-2 JPA-3  JPB JPC JD 
β 0.039 0.039 0.082  0.077 0.073 0.041 




Figure 3.33 to Figure 3.38 depict the time evolution of the PA damage index estimated for 
the joint specimens, together with the contribution of the maximum deformation (umax/uu) 
to the damage index. The results show the relatively minor contribution of the energy 
dissipation to the PA damage index, what was also observed in the analyses carried out by 
Varum [18]. For the first levels of imposed drift, up to 0.2%, the average contribution of 
the maximum deformation to the PA damage index is equal to about 98% for the six joint 
specimens. For the last three levels of drift the average contribution of the maximum 
deformation is: 79% for JPA-1; 93% for JPA-2; 62% for JPA-3; 68% for JPB and JPC; 
and, 79% for JPA-1. 
Figure 3.33 to Figure 3.38 also show the damage state categories suggested by Park et al. 
[25] based on damage observations in past earthquakes, and the corresponding global 
damage indices boundaries (Table 3.19). For each joint specimen Figure 3.33 to Figure 
3.38 also indicate the drift corresponding to the onset of the main damage states observed 
in the cyclic tests, namely: cracking at the beam/column-joint interfaces, diagonal cracking 
in the joint region, and spalling of the concrete cover in the beams, columns and joint 
region. In general, the onset of cracking occurred within the ranges indicated in Table 3.19, 
while spalling of the concrete cover was registered for damage indices larger than the 
suggested. When established the comparison between the two analogous specimens, JPA-1 
and JD, the drift at which the specimens reach each damage state is in general lower for the 
specimen with plain reinforcing bars. For example, damage index equal to 1 is registered at 
3% drift for JPA-1, and 3.3% drift for JD. 
Table 3.19 - Calculated damage index versus observed damage [18] 
Damage inspection Calculated damage index 
Degree of damage Physical appearance Local Global 
Collapse Total or partial collapse of building >1.0 >1.0 
Severe 








Minor cracks throughout building. Partial crushing of 
concrete columns 
0.10-0.35 0.10-0.30 
Slight Sporadic occurrence of cracking 0.0-0.10 0.0-0.10 
 
 





Figure 3.33 - Time evolution of the PA damage index for specimen JPA-1. 
 


































































































    Damage evolution
0.07% drift: onset of cracking in the right beam     0.13% drift: onset of cracking in the left beam
0.83% drift: onset of cracking in the columns         2.33% drift: onset of concrete cover spalling in the beams       


































































































    Damage evolution
0.13% drift: onset of cracking in the beams and inferior column
0.50% drift: onset of cracking in the superior column
















Figure 3.35 - Time evolution of the PA damage index for specimen JPA-3. 
 
































































































    Damage evolution
0.13% drift: onset of cracking in the beams                              1.33% drift: onset of cracking in the columns
2.33% drift: onset of concrete cover spalling in the columns   2.67% drift: onset of cracking in the joint












































































































    Damage evolution
0.20% drift: onset of cracking in the beams                          2.00% drift: onset of cracking in the columns
















Figure 3.37 - Time evolution of the PA damage index for specimen JPC. 
 































































































    Damage evolution
0.13% drift: onset of cracking in the beams                            1.67% drift: onset of cracking in the columns











































































































    Damage evolution
0.13% drift: onset of cracking in the right beam                        0.20% drift: onset of cracking in the left beam
0.33% drift: onset of cracking in the columns                           1.67% drift: onset of cracking in the joint       














3.5 - INFLUENCE OF DISPLACEMENT HISTORY, AXIAL LOAD,  BOND, AND 
STEEL REINFORCEMENT 
This section provides a more detailed analysis of the sensitivity of the beam-column joint 
specimens’ response to displacement history, column axial load, bond properties, and 
amount of steel reinforcement. Thus, and respectively, comparison is established between 
the experimental results of: a) JPA-1 and JPA-2; b) JPA-1 and JPA-3; c) JPA-3 and JPB, 
and JPB and JPC. 
3.5.1 - Displacement history 
Specimens JPA-1 and JPA-2 were built with the same geometrical characteristics, 
reinforcement detailing and material properties, and subjected to the same level of column 
axial load. However, JPA-2 was tested under a displacement history with a number of 
cycles lower than that in the displacement history imposed on JPA-1. 
The influence of displacement history on the specimens’ response was minor. The 
comparison between the lateral load-drift diagrams of specimens JPA-1 and JPA-2 in 
Figure 3.39 shows that the two specimens reached similar values of maximum lateral load 
(5% difference) at approximately the same drift (3.3% for JPA-1 and 3% for JPA-2). The 
lateral load at the maximum imposed drift was also alike (5% difference), as well as the 
secant stiffness measured for the peak load in the cycles with the same drift level (see 




Figure 3.39 - Lateral load-drift diagrams of specimens JPA-1 and JPA-2. 
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The two specimens exhibited the same type of damage distribution, concentrated at the 
beam-joint and column-joint interfaces. The onset of cracking in the beams and columns 
occurred at similar drift levels in the two specimens. At the maximum drift, the crack 
opening in the beams of JPA-2 was about 73% of that in the beams of JPA-1, and the crack 
opening in the columns of JPA-2 was about 1.4 times that in the columns of JPA-1. The 
differences in terms of moment-curvature diagrams are depicted in Figure 3.40. As stated 
in Section 3.4.2, the moments are computed for the middle section of slice 1 in each 
element (beams and columns) assuming a linear moment distribution along the elements’ 
length, and the curvatures correspond to the mean curvature estimated for slice 1. As a 
consequence of the relatively wider crack opening in the columns of JPA-2, the relative 
contribution of the columns deformation to the total drift is larger for JPA-2 than for JPA-1 
(equal to 73% and 60% respectively, at maximum drift). 
  
Figure 3.40 - Moment-curvature diagrams of specimens JPA-1 and JPA-2. 
In the cyclic tests carried out by Bedirhanoglu et al. [26] on exterior beam-column joint 
specimens with plain reinforcing bars, the influence of displacement history was also 
concluded to be minor. 
3.5.2 - Column axial load 
Specimens JPA-1 and JPA-3 were built with the same geometrical characteristics, 
reinforcement detailing, and materials properties. The two specimens were tested under the 























































same lateral displacement history and the column axial load imposed on JPA-3 was 
2.3 times that imposed on JPA-1. 
Figure 3.41 depicts the comparison between the lateral load-drift diagrams of specimens 
JPA-1 and JPA-3. The increase in column axial load in JPA-3 led to an increase of 27% in 
the maximum lateral load, which was registered at a drift level (2.7%) lower than that for 
JPA-1 (at 3.3% drift). The strength degradation after the maximum lateral load was 
relatively more pronounced for JPA-3. As previously stated, only for JPA-3 was registered 
the conventional failure condition corresponding to 20% reduction in strength. The two 
specimens exhibited similar stiffness up to the onset of cracking. Afterwards, JPA-3 
exhibited a relatively larger stiffness (see close-up in Figure 3.41). The pinching effect was 




Figure 3.41 - Lateral load-drift diagrams of specimens JPA-1 and JPA-3. 
Important differences were registered between the two specimens in terms of damage 
distribution. In addition to the damage developed at the beam-joint and column joint 
interfaces, for specimen JPA-3 was also observed severe diagonal cracking in the joint 
region with spalling of the concrete cover, contributing to the strength degradation of the 
specimen. The onset of cracking in the beams was registered at similar drift levels. The 
increase in column axial postponed the onset of cracking in the columns, which occurred at 
0.8% drift for JPA-1 and 1.3% drift for JPA-3. As a consequence, for JPA-3 the ratio 
between the maximum crack opening in the columns and the maximum crack opening in 
the beams is less than half of that corresponding to JPA-1. The moment-curvature 
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diagrams are depicted in Figure 3.42. As a consequence of the differences in crack 
opening, the relative contribution of the columns deformation to the total drift is lower for 
JPA-3 than for JPA-1 (equal to 26% and 51% respectively, at 3% drift). 
  
Figure 3.42 - Moment-curvature diagrams plotted of specimens JPA-1 and JPA-3. 
Figure 3.43 compares the evolutions of the tensile stresses in the joint region of specimens 
JPA-1 and JPA-3, expressed in terms of the ratio of principal tensile stress to square root of 
the concrete compressive strength. The maximum principal tensile stress was estimated 
equal to 0.32√fc for JPA-1 and 0.30√fc for JPA-3 (at the drift level corresponding to the 
onset of diagonal cracking in the joint). The maximum joint shear force estimated for 
specimen JPA-3 is 1.3 times the maximum shear force determined for JPA-1. 
 
Figure 3.43 - Tensile stress-drift diagrams of specimens JPA-1 and JPA-3. 































































onset of cracking in the




Within the drift range under analysis, increasing the level of column axial load resulted in 
larger energy dissipation. At the maximum drift, the total energy dissipated by JPA-3 was 
1.5 times the total energy dissipated by JPA-1. Lower ductility demands were imposed on 
specimen JPA-3. 
An increase in strength and energy dissipation, and a reduction of the pinching effect, as a 
consequence of larger axial load in the columns, was also observed in the cyclic tests 
carried out by Bedirhanoglu et al. [26] on exterior joint specimens with plain bars. 
3.5.3 - Bond properties 
Specimens JPA-1 and JD were built with the same geometrical characteristics, 
reinforcement detailing and concrete mechanical properties, but JPA-1 was built with plain 
reinforcing bars and JD with deformed bars. The two specimens were tested under the 
same lateral displacement history and with the same level of column axial load. 
Figure 3.44 depicts the comparison between the lateral load-drift diagrams of specimens 
JPA-1 and JD. The maximum lateral load registered for the specimen with deformed bars 
(at 2% drift) is 15% higher than that registered for the specimen with plain reinforcing bars 
(at 3.3% drift). The strength degradation after the maximum lateral load was relatively 
larger for JD. The two specimens exhibited similar stiffness until cracking onset. 
Afterwards, for larger displacement demands, JPA-1 displayed lower unloading stiffness 




Figure 3.44 - Lateral load-drift diagrams of specimens JPA-1 and JD. 
























Cyclic behaviour of RC elements with plain reinforcing bars 
100 
 
The effects of bond properties were particularly shown by the differences in the observed 
damage distribution. The specimen with plain reinforcing bars displayed damage 
concentrated at the beam-joint and column-joint interfaces. The specimen with deformed 
bars displayed a more spread damage distribution, with cracking along the elements’ 
length. Diagonal cracking in the joint region was also observed in specimen JD, which 
contributed to the relatively larger strength degradation. The onset of cracking in the beams 
was registered at similar drift levels. The onset of cracking in the columns of JD was 
registered at lower drift (0.33%) than for JPA-1 (0.83%). The two specimens exhibited 
similar values of maximum crack opening at the beam-joint interfaces. The maximum 
crack opening at the column-joint interfaces of specimen JD was 76% higher than that in 
JPA-1. The moment-curvature diagrams are depicted in Figure 3.45. Figure 3.46 compares 
the maximum values of mean curvature estimated for slices 1 and 2 in the elements of 
specimens JPA-1 and JD at each level of imposed drift. The deformation demands in slice 
1 are similar for the two specimens. Due to a more spread damage distribution in JD, the 
deformation demands in slice 2 of JD are larger than those in slice 2 of JPA-1, increasing 
up to the onset of cracking in the joint region (at 1.7% drift). 
  
Figure 3.45 - Moment-curvature diagrams of specimens JPA-1 and JD. 
 
 



























































Figure 3.46 - Maximum curvature for JPA-1 and JD. 
The observed damage evolutions indicate that concrete crushing did not occur in either of 
the specimens. Therefore, and considering: i) that the yielding point of the global response 
for specimen JD is associated with the yielding of the steel reinforcement in the elements; 
ii) that the yield strength of the plain bars is 1.4 times the yield strength of the deformed 
bars; iii) the lower lateral strength of JPA-1 in comparison to JD; and, iv) the moment-
curvature diagrams in Figure 3.45 (showing similar moment demands for JPA-1 and JD, 
and the elements’ maximum strength); it can be concluded that the poor bond properties, 
instead of the steel yield strength, limited the maximum strength of the elements with plain 
reinforcing bars. 
Figure 3.47 compares the evolutions of the tensile stresses in the joint region of specimens 
JPA-1 and JD, expressed in terms of the ratio of principal tensile stress to square root of 
the concrete compressive strength. The maximum principal tensile stress was estimated 
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equal to 0.32√fc for JPA-1 and 0.39√fc for JD (at the drift level corresponding to the onset 
of diagonal cracking in the joint). In terms of shear force demands in the joint region, the 
maximum shear force estimated for JD is 16% higher than the maximum shear force 
determined for JPA-1, occurring at a drift level lower than in JPA-1. 
 
Figure 3.47 - Tensile stress-drift diagrams of specimens JPA-1 and JD. 
Better bond properties led to larger energy dissipation. At the maximum imposed drift, the 
total energy dissipated by JD was 10% higher than that dissipated by JPA-1. Within the 
drift range under analysis, larger ductility demands were imposed on the specimen with 
deformed bars. 
Similar differences between the damage distribution in RC elements with plain and 
deformed reinforcing bars were also observed in the cyclic tests carried out by Marefat et 
al. [27], Hertanto [28] and Genesio et al. [10]. 
3.5.4 - Amount of steel reinforcement 
Specimens JPA-3, JPB and JPC were built with the same geometrical characteristics and 
material properties, and tested under the same lateral displacement history and with the 
same level of column axial load. When compared to JPA-3, specimens JPB and JPC were 
built with twice the amount of column longitudinal reinforcement. JPC was also built with 
twice the amount of beam transverse reinforcement and 2.5 times the amount of column 
transverse reinforcement. 












onset of cracking in the




Figure 3.48 shows the comparison between the lateral load-drift diagrams of specimens 
JPA-3 and JPB. The maximum lateral load registered for JPB was 91% (at 2.3% drift) of 
that registered for JPA-3 (at 2.7% drift). Specimen JPA-3 exhibited relatively larger 
strength degradation after the maximum lateral load. The stiffness of JPA-3 and JPB were 
similar up to cracking onset. Afterwards, JPA-3 exhibited larger stiffness than JPB (see 
close-up in Figure 3.48). The influence of increasing the amount of transverse 
reinforcement in specimen JPC in relation to JPB was minor, both in terms of lateral load 
and stiffness (see Figure 3.49). The pinching effect was particularly evident for specimens 










Figure 3.49 - Lateral load-drift diagrams of specimens JPB and JPC. 

















































Cyclic behaviour of RC elements with plain reinforcing bars 
104 
 
The smaller reduction in the lateral strength of specimens JPB and JPC, in comparison to 
that exhibited by JPA-3, is due to the differences observed in the damage distribution. In 
specimens JPB and JPC damage was observed to be mainly concentrated at the beam-joint 
interfaces and damage in the columns was minor. The larger flexural capacity of the 
columns resulting from the larger amount of column longitudinal reinforcement in 
specimens JPB and JPC delayed the onset of cracking in the columns. This fact, together 
with the poor bond properties, led to a significant increase in the crack opening at the 
beam-joint interfaces. Figure 3.50 and Figure 3.51 depict the moment-curvature diagrams, 
showing that for specimens JPB and JPC the columns response at the maximum imposed 
drift is mainly elastic. 
As a consequence of the differences in damage distribution and crack opening, the drift 
imposed on specimens JPB and JPC was mainly contributed by the beams deformation. 
For JPB and JPC, lower lateral load demands than for JPA-3 were necessary to impose the 
same drift level. At 3% drift, the relative contribution of the columns deformation to the 
total drift was estimated equal to 26% for JPA-3, 5% for JPB, and 10% for JPC. 
Figure 3.52 compares the evolutions of the tensile stresses in the joint region of specimens 
JPA-3, JPB, and JPC, expressed in terms of the ratio of principal tensile stress to square 
root of the concrete compressive strength. The maximum principal tensile stress was 
estimated equal to 0.30√fc for JPA-3, 0.26√fc for JPB, and 0.25√fc for JPC. 
  
Figure 3.50 - Moment-curvature diagrams of specimens JPA-3 and JPB. 
























































Figure 3.51 - Moment-curvature diagrams of specimens JPB and JPC. 
  
(a) (b) 
Figure 3.52 - Tensile stress-drift diagrams of specimens: a) JPA-3 and JPB; b) JPB and JPC. 
The total energy dissipated by JPB and JPC was significantly lower than that dissipated by 
JPA-3. Increasing the amount of column longitudinal reinforcement in JPB led to a 35% 
reduction in the total dissipated energy. Increasing the amount of transverse reinforcement 
in JPC led to an increase of about 7% in the total dissipated energy in comparison to JPB, 
hence a 31% reduction in comparison to JPA-3. Within the drift range under analysis, 
larger ductility demands were imposed on specimens JPB and JPC in comparison to JPA-3. 
The comparisons established between JPA-3 and JPB, and JPB and JPC, show that the 
global response of the specimens was more sensitive to the increase in amount of column 
































































onset of cracking in the
joint region at 2.7% drift
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longitudinal reinforcement than to the increase in amount of transverse reinforcement (in 
the beams and columns). 
3.6 - SUMMARY 
This chapter described the experimental investigation performed to analyse the cyclic 
behaviour of substandard full-scale RC interior beam-column joints built with plain 
reinforcing bars. Five joint specimens with plain bars, and one additional joint specimen 
with deformed bars, were tested under reversed cyclic loading imposed on the specimens 
under displacement controlled conditions. The influence of displacement history, column 
axial load, bond properties, and amount of steel reinforcement was investigated. From the 
comparisons established between the tests results, the following conclusions can be drawn: 
 The joint specimen with plain reinforcing bars and standard amount of steel 
reinforcement, and subjected to the higher level of column axial load displayed the 
largest lateral strength and also the greatest strength degradation after the maximum 
lateral load. Within the drift range under analysis, only for this specimen was 
registered the conventional failure condition corresponding to 20% reduction in 
strength. Small differences in stiffness were registered between the joint specimens 
with plain reinforcing bars. The pinching effect was evident for all the tested 
specimens, being less important for the joint specimen with deformed bars and 
particularly evident in the response of the two joint specimens with plain bars and 
larger amount of steel reinforcement. 
 For the joint specimen with deformed bars, EC2 provided a good estimate of the 
elements’ flexural strength, overestimating the beams’ strength in about 9% and 
underestimating the columns’ strength in 3%. Conversely, for the joint specimens 
with plain reinforcing bars the EC2 expressions overestimated the elements’ 
strength in about 13% to 33%. 
 Damage in the joint specimens with plain reinforcing bars was mainly concentrated 
at the beam-joint and column-joint interfaces, and only for the specimen with 
standard amount of steel reinforcement and higher level of column axial load was 




damage distribution was observed for the joint specimen with deformed bars, with 
cracking along the elements length and significant damage in the joint region. The 
differences in damage distribution between the joint specimens with plain and 
deformed reinforcing bars are directly related to the concrete-steel bond properties. 
 Within the drift range under analysis, the largest energy dissipation was determined 
for the joint specimen with plain reinforcing bars and standard amount of steel 
reinforcement, and with higher level of column axial load. For all the tested 
specimens, the total energy dissipation was mainly associated with the beams 
deformation. The evolution of the relative contribution of the beams and columns 
to the total energy dissipation is in agreement with the damage evolution in the 
specimens. 
 The ultimate rotation capacity predicted by EC8-3 together with the failure 
condition corresponding to 20% reduction in strength did not provide a good 
estimate of the ultimate rotation capacity of the joint specimens subjected to the 
drift range and loading conditions imposed in the cyclic tests. 
 The equivalent damping-ductility analysis shows that the highest ductility demands 
were imposed on the joint specimen with deformed bars, and the lowest ductility 
demands were imposed on the joint specimen with plain reinforcing bars and 
standard amount of steel reinforcement, and with higher level of column axial load. 
 The influence of displacement history was concluded to be minor. 
 The influence of column axial load was mainly observed in terms of lateral 
strength, damage distribution and energy dissipation. The lateral strength was 
significantly increased, as well as the total energy dissipated by the specimen. The 
relatively higher shear demands in the joint region led to diagonal tension cracking 
in the joint, which contributed to the relatively larger strength degradation after the 
maximum lateral load. 
 The influence of bond properties was particularly shown by the differences 
observed in the damage distribution of the two analogous joint specimens, one with 
plain bars and the other with deformed bars. Conversely to the more widely spread 
damage distribution in the joint specimen with deformed bars, the joint specimen 
with plain bars displayed damage concentrated at the beam-joint and column-joint 
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interfaces. Accordingly, larger energy dissipation was displayed by the specimen 
with deformed bars. Better bond properties also led to an increase in the global 
lateral strength. 
 The influence of the amount of steel reinforcement, in particular of the longitudinal 
reinforcement in the columns, was mainly shown by the differences observed in 
terms of damage distribution. In the two joint specimens with larger amount of steel 
reinforcement, damage was mainly concentrated at the beam-joint interfaces. 
Damage in the columns was minor. Therefore, the drift imposed on the specimens 
with larger amount of steel reinforcement was mainly contributed by the beams 
deformation. As a result of the poor damage distribution, as well of the marked 
pinching effect, the energy dissipation associated with these two specimens was 
significantly lower than that associated with the specimen with standard amount of 
steel reinforcement. Increasing the amount of column longitudinal reinforcement 
had a more significant influence than increasing the amount of transverse 














NUMERICAL MODELLING OF THE BEAM-COLUMN JOINTS 
4.1 - INTRODUCTION 
This chapter addresses the numerical modelling of the cyclic behaviour of the two 
analogous RC beam-column joint specimens described in Chapter 3, one with plain bars 
(JPA-1) and the other with deformed bars (JD), both tested under the same lateral 
displacement history and with the same level of column axial load. Nonlinear fibre-based 
models of the joint specimens were built using the SeismoStruct software [1], and 
calibrated with the experimental results. A simple strategy was adopted to incorporate the 
bond-slip effects in the numerical modelling. 
Firstly, a model was calibrated for the joint specimen with deformed bars without taking 
into account the bond-slip mechanism. Then, the calibrated model was adopted to simulate 
the response of the joint specimen with plain bars and only the yield strength of the steel 
reinforcement was changed. This analysis allowed checking how inadequate it was to 
model the response of the joint specimen with plain bars without taking into account the 
effects of bar slippage. 
Secondly, and only for the joint specimen with plain bars, nonlinear rotational springs were 
incorporated in the model to include the bond-slip effects. 
The comparisons established between the numerical and experimental results allowed to 
conclude about the importance of considering bond-slip, and also check the adequacy of 
the strategy adopted to incorporate its effects in the numerical modelling of the joint 
specimen with plain bars. 
Cyclic behaviour of RC elements with plain reinforcing bars 
110 
 
4.2 - NUMERICAL MODEL WITHOUT BOND-SLIP EFFECTS 
4.2.1 - Modelling strategy 
The numerical modelling was conducted with the Seismostruct software. SeismoStruct is 
an internet downloadable finite element package, capable of predicting the large 
displacement behaviour of space frames under static or dynamic loading, taking into 
account both geometric nonlinearities and material inelasticity. 
Seismostruct provides two main types of inelastic beam/column elements: displacement-
based (DB) and force-based (FB) frame elements, both with distributed inelasticity; and, 
plastic hinge frame elements featuring a distributed inelasticity force-based formulation 
similar to that associated with the FB elements, but concentrating such inelasticity within a 
fixed length of the element (plastic hinges). The elements’ cross-section is idealized 
through fibre modelling. Each fibre is associated with a uniaxial stress-strain relationship. 
The sectional stress-strain state of the elements is then obtained through the integration of 
the nonlinear uniaxial stress-strain response of the individual fibres in which the section 
has been subdivided. There is no need to introduce the rules of hysteretic behaviour since 
they are implicitly defined by the material constitutive model. 
Figure 4.1 depicts the model adopted to simulate the response of the joint specimens. In the 
model, each structural element is represented by five DB inelastic frame elements. The two 
DB elements immediately after each interface with the joint region are representative of 
the regions defined as slice 1 and slice 2 in the cyclic tests (length of slice 1 equal to 
0.10 m and length of slice 2 equal to 0.18 m). The cross-section of the DB elements was 
divided into 250 longitudinal fibres. The cross-sectional dimensions and steel 
reinforcement detailing were made equal to those described in Chapter 3 for specimens 
JPA-1 and JD. The support conditions in the numerical model are also representative of 
those adopted in the cyclic tests (simple supports in the beams and pinned support in the 
inferior column). 
The joint region was modelled as rigid. This assumption can be considered adequate in the 
case of the joint specimen with plain reinforcing bars since the damage was concentrated at 
the beam-joint and column-joint interfaces. Regarding the joint specimen with deformed 




deformation should not be neglected. However, for comparison with specimen JPA-1, and 
considering that the numerical analyses herein presented intended to focus on the effects of 
the bond-slip mechanism, the rigid joint assumption was also adopted for specimen JD. 
As previously stated, first, the model was calibrated for the joint specimen with deformed 
bars. Afterwards, the calibrated model was adopted to simulate the response of the joint 
specimen with plain reinforcing bars and only the yield strength of the steel reinforcement 
was changed. 
 
Figure 4.1 - Model adopted to simulate the response of the beam-column joint specimens. 
4.2.2 - Material models 
Concrete 
Figure 4.2 depicts the material model adopted for the concrete. The model follows the 
constitutive relationship proposed by Mander et al. [2] and the cyclic rules proposed by 
Martinez-Rueda and Elnashai [3]. The confinement effects provided by the lateral 
transverse reinforcement are incorporated through the rules proposed by Mander et al. [2] 
whereby constant confining pressure is assumed throughout the entire stress-strain range. 
In SeismoStruct, the concrete model parameters are: compressive strength (fc); tensile 
strength (ft); strain at peak stress (εc); confinement factor (kc); and, specific weight (γ). The 










2.00 m 2.00 m







L = 0.18 m
L = 0.18 m
Cyclic behaviour of RC elements with plain reinforcing bars 
112 
 
of the cross-sectional dimensions and properties of longitudinal and transverse reinforcing 
bars. 
 
Figure 4.2 - Stress-strain model for monotonic loading of confined and unconfined concrete  
proposed by Mander et al. [2]. 
Table 4.1 gives the values adopted for the concrete model parameters. As stated in 
Chapter 3, the mean value of concrete compressive strength was determined from 
compression tests on concrete cubic samples. The concrete strength in SeismoStruct refers 
to the cylinder compressive stress capacity. The value adopted for the concrete 
compressive strength is equal to 19 MPa (80% of the mean value of strength registered in 
the compression tests). According to the software instructions, the concrete tensile stress 
can be usually estimated as ft=kt√fc, where kt varies from 0.5 (concrete in direct tension) to 
0.75 (concrete in flexural tension), as suggested by Priestley et al. [4]. The concrete tensile 
stress was made equal to 2.9 MPa, which corresponds to 0.67√fc. 
Table 4.1 - Values adopted for the concrete model parameters 










Figure 4.3 depicts the material model adopted for the steel reinforcement. The model is 
based on the Menegotto-Pinto model [5] coupled with the isotropic hardening rules 
proposed by Filippou et al. [6]. In SeismoStruct, the model parameters are: modulus of 
elasticity (Es); yield strength (fy); strain hardening parameter (μ); transition curve initial 








Figure 4.3 - Menegotto-Pinto steel model (a) and definition of curvature parameter R [6] (b). 
Table 4.2 gives the values adopted for the steel model parameters, as well as the 
corresponding value or range of values recommended in SeismoStruct. As previously 
stated, the values adopted for the steel model parameters in the numerical model of the 
joint specimen with plain bars (JPA-1) were made equal to those adopted in the numerical 
model of the joint specimen with deformed bars (JD), with exception of the yield strength. 
For specimen JD, the yield strength was made equal to 455 MPa (5% lower than that 
indicated in Chapter 3). For specimen JPA-1, the yield strength was made equal to 
590 MPa (mean value indicated in Chapter 3). Following the recommendations of 
SeismoStruct, isotropic hardening was disabled, that is, parameters a3 and a4 were made 
equal to 0 and equal to 1 respectively. 
Table 4.2 - Values adopted for the steel model parameters 
Model parameter Recommended value/range 
Adopted value 
Deformed bars (JD) Plain bars (JPA-1) 
E (GPa) - 200 
fy (MPa) - 455 590 
μ 0.005 - 0.015 0.008 
R0 - 19.5 
a1 18.5 18.8 
a2 0.05 - 0.15 0.15 
a3 0.01 - 0.025 0 
a4 2 - 7 1 
εult - 0.1 
γ (kN/m3) - 78 
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4.2.3 - Loading pattern 
Figure 4.4 depicts the loading conditions imposed on the joint specimens in the numerical 
models. The numerical loading conditions simulate those imposed in the cyclic tests. Thus, 
they consisted of: constant column axial load, equal to 197 MPa (mean value registered in 
the cyclic tests); and, lateral displacement history (dtop) equal to that adopted in the cyclic 
tests, imposed on the end node of the superior column. In addition, a lateral displacement 
history equal to dtop/2 was imposed on the central node to guarantee that both the superior 
and inferior columns were subjected to the same lateral displacement demands. 
 
 
Figure 4.4 - Loading conditions in the numerical models. 
4.2.4 - Comparison between the numerical and experimental results of the joint 
specimen with deformed bars 
Figure 4.5 depicts the comparison between the numerical and experimental lateral 
load-drift diagrams of specimen JD, showing that: 
i) In general terms, the numerical model provides a good simulation of the 
experimental lateral load-drift envelope, namely in terms of tangent stiffness and 
maximum lateral load. However, the model does not represent the strength 
degradation. The pinching effect is also not well simulated, being relatively less 









































ii) The numerical and experimental values of maximum lateral load are similar. 
However, the numerical maximum lateral load is reached at 1.3% drift while in the 
cyclic test it was registered at 2.0% drift. 
iii) The numerical initial stiffness is 1.6 times the experimental initial stiffness. 
iv) The stiffness of the reloading branches is significantly overestimated. 
 
Figure 4.5 - Lateral load-drift diagrams of specimen JD (experimental and numerical). 
Figure 4.6 compares the numerical and experimental evolutions of dissipated energy. The 
significant overestimation of the reloading stiffness and the relatively poor representation 
of the pinching effect led to a poor simulation of the dissipated energy evolution, 
particularly after 1.5% drift. At the maximum imposed drift, the numerical dissipated 
energy is 2.4 times the experimental energy. 
    
Figure 4.6 - Evolution of dissipated energy for specimen JD (experimental and numerical). 
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In the numerical model, the onset of cracking in the beams occurs at 0.1% drift, as in the 
cyclic test. The onset of cracking in the columns occurs at 0.2% drift, while in the cyclic 
test it occurred at 0.3% drift. 
In the numerical model, cracking of the unconfined concrete occurs along 68% of the 
beams’ length and 72% of the columns’ length. In the cyclic test, cracking in the beams 
also occurred approximately along 68% of the beams’ length, and cracking in the columns 
occurred approximately along 38% of the columns’ length. Therefore, a better agreement 
between the numerical and experimental cracking distributions was determined for the 
beams. 
Figure 4.7 and Figure 4.8 compare the numerical moment-curvature diagrams plotted for 
the middle section of slices 1 and 2 in the beams and columns respectively, with the 
corresponding moment-curvature diagrams determined from the experimental results 
(Chapter 3). As stated in Chapter 3, the curvatures correspond to the mean curvatures 
estimated for the slice under analysis. 
Regarding the beams, the numerical model does not reproduce well the moment-curvature 
relationship of slice 1. Despite the similarity between the numerical and experimental 
values of maximum moments, the curvature demands are significantly lower in the 
numerical response. At the maximum drift, the numerical curvature of slice 1 is 22% and 
29% of the experimental curvature in the positive moment direction and negative moment 
direction respectively. For slice 2, the numerical and experimental moment-curvature 
relationships are similar. 
Regarding the columns, the moment-curvature relationship in slice 1 is relatively better 
reproduced. The numerical and experimental values of maximum moment are similar. At 
the maximum drift, the numerical curvature of slice 1 is 20% higher in one direction, and 
42% higher in the other direction, than the corresponding experimental curvature. For 






Figure 4.7 - Moment-curvature diagrams of the beams for specimen JD (experimental and numerical). 
  
Figure 4.8 - Moment-curvature diagrams of the columns for specimen JD (experimental and numerical). 
4.2.5 - Comparison between the numerical and experimental results of the joint 
specimen with plain reinforcing bars 
Figure 4.9 depicts the comparison between the numerical and experimental lateral 
load-drift diagrams of specimen JPA-1, showing that: 
i) The numerical model provides a poor simulation of the experimental lateral 
load-drift envelope, considerably overestimating the maximum lateral load and the 
tangent stiffness. The strength degradation is not represented. The pinching effect 
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in the numerical response is significantly less severe than that in the experimental 
response.  
ii) The numerical maximum lateral load (reached at 1.3% drift) is 32% higher than the 
experimental maximum lateral load (at 3.3% drift). 
iii) The numerical initial stiffness is 10% higher than the experimental initial stiffness. 
iv) The numerical model does not represent well the stiffness of the reloading and 
unloading branches. In both cases, the numerical stiffness is significantly larger 
than the experimental stiffness. 
 
Figure 4.9 - Lateral load-drift diagrams of specimen JPA-1 (experimental and numerical). 
Figure 4.10 compares the numerical and experimental evolutions of dissipated energy. The 
significant overestimation of stiffness and strength, and the poor representation of the 
pinching effect, led to a poor simulation of the dissipated energy evolution. At the 
maximum imposed drift, the numerical dissipated energy is 2.7 times the experimental 
energy. 
In the numerical model, the onset of cracking in the beams (at 0.1% drift) occurs at a drift 
level close to that registered in the cyclic test (0.07% drift). Conversely, the onset of 
cracking in the columns (at 0.1% drift) occurs at a drift level significantly inferior to the 
experimental (0.8% drift). 
In the numerical model, cracking of the unconfined concrete occurs along approximately 
the entire length of the beams and columns. In the cyclic test, cracking in the beams and 
























columns of specimen JPA-1 was heavily concentrated at the beam-joint and column-joint 
interfaces respectively. Therefore, the numerical and experimental cracking distributions 
are not in agreement. 
  
Figure 4.10 - Evolution of dissipated energy for specimen JPA-1 (experimental and numerical). 
Figure 4.11 and Figure 4.12 compare the numerical moment-curvature diagrams plotted for 
the middle section of slices 1 and 2 in the beams and columns respectively, with the 
corresponding moment-curvature diagrams determined from the experimental results. 
Regarding the beams, and similarly to what was previously concluded for specimen JD, the 
numerical model does not reproduce well the moment-curvature relationship of slice 1. 
The maximum moment is overestimated in 23% in the positive moment direction, and in 
36% in the negative moment direction. The curvature demands are significantly lower in 
the numerical response. At the maximum drift, the numerical curvature of slice 1 in the 
beams is only 5% and 13% of the experimental curvature in the positive and negative 
moment directions respectively. 
Regarding the columns, the numerical maximum moment of slice 1 is 32% higher than the 
experimental. At the maximum drift, the experimental curvature of slice 1 is overestimated 
in 90% in one direction and in 47% in the other direction. 
The moment-curvature relationships of slice 2 are also not reproduced well, for both the 
beams and columns. 



































Figure 4.11 - Moment-curvature diagrams of the beams for specimen JPA-1 (experimental and numerical). 
  
Figure 4.12 - Moment-curvature diagrams of the columns for specimen JPA-1 (experimental and numerical). 
Despite the shortcomings of the adopted model to simulate the response of the joint 
specimen with deformed bars (Section 4.2.4), the differences between the numerical and 
experimental results (in terms of maximum lateral load, stiffness, pinching effect, moment-
curvature relationships, cracking distribution and even dissipated energy) are considerably 
increased when the same model is used to simulate the response of the analogous joint 
specimen with plain reinforcing bars. 
















































































































4.3 - NUMERICAL MODEL WITH BOND-SLIP EFFECTS 
4.3.1 - Modelling strategy 
As stated in Chapter 2, among the various models proposed in the literature to simulate the 
cyclic response of beam-column joints, one of the most commonly adopted, and simple, 
strategies for incorporating the effects of bar slippage (namely, fixed-end rotations) 
consists in placing nonlinear springs at the elements ends. 
Based on the joint model proposed by Lowes and Altoontash [7] (Figure 4.13-a), Yu [8] 
proposed the simple joint model depicted in Figure 4.13-b for the simulation of the cyclic 
behaviour of interior beam-column joint specimens, the numerical analysis of which was 
also carried out with the SeismoStruct software. The model consists of nine components: 
four rotational springs fitted in the beam-joint and column-interfaces, to model the rotation 
of the cross-section due to bar slippage; four interface-shear springs, to model the 
shear-transfer failure at the beam-joint and column-joint interfaces; and, one rotational 
spring fitted in the centre of the shear panel zone, to model the relative rotation between 
beams and columns. 
  
(a) (b) 
Figure 4.13 - Joint model by: a) Lowes and Altoontash (adapted from [7]); b) Yu (adapted from [8]). 
Based on the modelling strategy proposed by Yu [8], rotational springs, fitted in the 
beam-joint and column-joint interfaces, were implemented in the model previously 
adopted to simulate the response of the joint specimen with plain reinforcing bars (JPA-1). 
The interface-shear springs and shear panel rotational spring that also constitute the model 
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of the analysis was to evaluate the influence of taking into account the effects of bar 
slippage. Moreover, as previously stated, damage in JPA-1 was concentrated at the 
beam-joint and column-joint interfaces, thus being appropriate to assume that joint shear 
deformation was minor. The model with the rotational springs is depicted in Figure 4.14. 
 
Figure 4.14 - Model with rotational springs. 
In SeismoStruct, the springs are modelled by defining 3D link elements with uncoupled 
axial, shear and moment actions. The link elements connect two initially coincident 
structural nodes and require the definition of an independent force-displacement (or 
moment-rotation) response curve for each of its local six degrees of freedom. In the model 
of specimen JPA-1, the moment-rotation relationship of each spring (Section 4.3.3) was 
only assigned to the degree of freedom corresponding to the on-plane rotation of the 
elements. 
4.3.2 - Material models 
The values adopted for the parameters of the concrete and steel material models are those 
























4.3.3 - Calibration of the rotational springs 
Model background 
The joint model proposed by Lowes and Altoontash [7], which is currently implemented in 
the Open System for Earthquake Engineering Simulation software (OpenSees [9]), 
includes a general one-dimensional constitutive model (force-displacement response 
envelope, unload-reload paths and damage rules) for the springs. This model is not 
available in SeismoStruct. Therefore, in the numerical analyses carried out by Yu [8], the 
simplified bilinear Takeda response curve available in SeismoStruct was adopted to model 
the force-deformation response of the bar slip rotational springs. The corresponding 
moment-rotation relationships were derived from the bar stress versus bar slip relationship 
and bar stress versus spring force relationship proposed by Lowes and Altoontash [7], 
described in the next paragraphs. Figure 4.15 summarizes the methodology adopted by 
Yu [8]. 
 
Figure 4.15 - Derivation procedures of the moment-rotation relationships of the bar slip rotational springs in 
the joint model proposed by Yu [8]. 
The constitutive model proposed by Lowes and Altoontash [7] was developed to simulate 
the load-deformation history of the bond-slip springs that simulate inelastic anchorage-
zone response. The model was calibrated based on experimental data regarding the testing 
of anchorage-zone specimens with deformed bars, and considering the following 
assumptions about the bond stress distribution within the joint region [7]: i) bond stress 
along the anchored length of a reinforcing bar is uniform for reinforcement that remains 
elastic or piecewise uniform for reinforcement loaded beyond yield; ii) slip defines the 
relative movement of the reinforcing bar with respect to the perimeter of the joint and is 
function of the strain distribution along the bar; and, iii) the bar exhibits zero slip at the 
point of zero bar stress. Based on these assumptions, Lowes and Altoontash [7] proposed 
 
Bar stress vs. Bar slip
(Lowes and Altoontash, 2003)
Bar stress vs. Spring force







M = 0.85 x F x d
r = s/d
(d: depth of cross-section)
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Equations (4.1) and (4.2) to define the bar stress versus slip relationship, where: fs is the 
bar stress at the joint perimeter; fy is the steel yield strength; E is the steel elastic modulus; 
Eh is the strain hardening modulus assuming a bilinear stress-strain response; τE is the bond 
strength for elastic steel; τY is the bond strength for yielded steel; Ab is the nominal bar 
area; and, db is the nominal bar diameter. In Equations (4.3), le and ly stand for, 
respectively, the lengths along the reinforcing bar for which steel stress is less than and 









































































The bond strength values involved in the bar slip computation are calculated according to 
Table 4.3, where the concrete compressive strength (fc) is expressed in MPa. 
Table 4.3 - Average bond strengths as function of steel stress state [7] 
Bar stress  Average bond strength (MPa) 
Tension, fs < fy 
 
cET f.81  
Tension, fs > fy 
 
ccYT f.f. 050      to40  
Compression, -fs < fy 
 
cEC f.22  
Compression, -fs > fy 
 
cYC f.63  
 
In the joint model proposed by Lowes and Altoontash [7] the tensile and compressive 
spring forces equilibrate the axial and flexural loads carried by the beams and columns 
framing into the joint. The bar stress defines the load carried by the longitudinal 
reinforcing bars that is transferred into the joint core through bond. For the case of a tensile 




steel reinforcement. For a compressive spring force, the load is distributed between 
concrete and steel hence only a fraction of the total spring force is transferred into the joint 
through bond. Lowes and Altoontash [7] use Equation (4.4) to compute the compressive 
spring force (Fspring,C), where: Cs’ is the steel compression resultant; Cc is the concrete 
compression resultant; fs is bar stress; fc is the nominal concrete compressive strength; w is 
the width of the cross-section; d is the depth to the tension reinforcement; d’ is the depth to 
centroid of the compression reinforcement; Es is the steel reinforcement elastic modulus; 
As’ is the area of steel reinforcement carrying compression; β is a scale factor to account 
for the use of a uniform concrete compressive stress distribution in place of the true stress 
distribution; and, j*d is the distance between tension and compression resultants acting on 
the cross-section (j can be assumed equal to 0.85 for beams and 0.75 for columns [7]). 
In the Yu [8] model, the moments associated with the spring forces are computed as stated 















































The results of the numerical-experimental comparative analysis conducted by Yu [8] 
concerning the cyclic response of beam-column joint specimens with deformed bars show 
that the adopted modelling strategy provided a satisfactory simulation of the joint 
specimens’ response. However, two main shortcomings were identified, underlining the 
need for further improvements in the proposed model [8]: first, the pinching effect was not 
modelled well; second, there was no descending branch. According to Yu [8], these 
drawbacks are mainly due to the fact that the constitutive curve adopted for the springs 
does not display a descending branch. 
Modelling strategy adopted 
Figure 4.16-a depicts the asymmetric bilinear model adopted for the rotational springs in 
the beams. This simple model allows taking into account the asymmetric beam behaviour 
related to the differences in total area of steel reinforcement between the top bars and the 
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bottom bars. However, it does not feature degradation of either strength or stiffness. The 
model parameters are: initial stiffness in the positive region (K0+); yield force (or moment) 
in the positive region (Fy+); post-yield hardening ratio in positive region (r+); initial 
stiffness in the negative region (K0-); yield force (or moment) in the negative region (Fy-); 
and, post-yield hardening ratio in the negative region (r-). 
Figure 4.16-b depicts the model adopted for the rotational springs in the columns. The 
model consists of a bilinear simplification of the original trilinear model proposed by 
Takeda et al. [10], featuring the unloading rules proposed by Emori and Schonobrich [11], 
as described in [12]. The model parameters are: yield strength or moment (Fy); initial 
stiffness (Ky); post yielding to initial stiffness ratio (α); outer loop stiffness degradation 




Figure 4.16 - Response curves assigned to the spring elements: a) in the beams (bilinear asymmetric curve);  
b) in the columns (simplified bilinear Takeda curve). 
The model parameters, namely the yielding moment associated with the spring force at 
yielding (Equation (4.4)) and the initial stiffness (estimated based on the rotation 
corresponding to bar slip at yielding, given by Equation (4.1)), were computed based on 
the methodology proposed by Yu [8] (Figure 4.15). However, this methodology applied to 
the joint specimen under investigation led to a poor simulation of the specimen’s response. 
In comparison to the numerical results obtained from the model without the rotational 
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terms of stiffness and strength. Alterations in the moment-curvature relationships for both 
the beams and columns were also insignificant. 
As previously stated, the assumptions associated with the method adopted by Yu [8] to 
calibrate the bar slip rotational springs were established based on experimental data 
concerning elements with deformed bars, and also assuming the longitudinal reinforcing 
bars anchored in the joint region. The joint specimen under investigation in this work was 
built with plain reinforcing bars, for which the nature of the interaction mechanisms 
between concrete and steel is very different from that in elements with deformed bars. In 
addition, in JPA-1 the longitudinal reinforcing bars were continuous along the elements 
length, passing through the joint region. Bar slippage in specimen JPA-1 is expected to 
have occurred along a larger extension of the steel bars in comparison to that assumed in 
the Yu [8] model. Therefore, the proposed model was inadequate to simulate the response 
of specimen JPA-1. 
The parameters of the response curves were then calibrated to fit the experimental results. 
The corresponding values are presented in Table 4.4 and Table 4.5, for the springs in the 
beams and for the springs in the columns respectively. 
Table 4.4 - Values adopted for the model parameters of the rotational springs in the beams 
Model parameter Adopted value 
K0+ 4000 kN.m 
Fy+ 60 kN.m 
r+ 0.07 
K0- 4000 
Fy- -22 kN.m 
r- 0.07 
 
Table 4.5 - Values adopted for the model parameters of the rotational springs in the columns 
Model parameter Adopted value 
Fy 41 kN.m 
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4.3.4 - Loading pattern 
The loading conditions imposed on the joint specimen in the model with the rotational 
springs are the same that were imposed in the previous model (Section 4.2.3). 
4.3.5 - Comparison between the numerical and experimental results 
Figure 4.17 depicts the comparison between the numerical and experimental lateral 
load-drift diagrams of specimen JPA-1, and the comparison between the numerical results 
obtained with and without considering the bond-slip effects. The comparative analyses 
show that the numerical model with the rotational springs, thus including bond-slip, 
provides a satisfactory simulation of the experimental lateral load-drift envelope. The 
maximum lateral load and the tangent stiffness are considerably better represented when 
bond-slip effects are taken into account. In particular, the difference in terms of maximum 
lateral load between the numerical and experimental results is reduced from 32% to 6%. 
However, strength degradation is not represented. 
The stiffness of the reloading branches and stiffness of the unloading branches are also 
relatively better reproduced when the effects of bar slippage are included in the model. 
  
Figure 4.17 - Lateral load-drift diagrams of specimen JPA-1 (experimental and numerical 
with and without considering bond-slip). 
Figure 4.18 compares the numerical (with and without considering bond-slip) and 
experimental evolutions of dissipated energy. Despite the considerable reduction in 
dissipated energy (of about 57% at the maximum drift) with respect to that computed from 













































the numerical results without bond-slip, the numerical model with the springs is also not 
capable of reproducing well the dissipated energy evolution. This is considered to be 
mainly related to the models adopted for the rotational springs, namely for the springs in 
the beams, which feature neither degrading strength nor degrading stiffness. At the 
maximum imposed drift, the dissipated energy associated with the numerical response with 
bond-slip effects is 1.6 times the dissipated energy computed from the experimental 
results. 
 
Figure 4.18 - Evolutions of dissipated energy for specimen JPA-1 (experimental and numerical 
with and without considering bond-slip). 
In the numerical model with the rotational springs, cracking of the unconfined concrete is 
concentrated at the beam-joint and column-joint interfaces, where the rotational springs are 
located. This is consistent with the experimental observations. From the interface with the 
joint region to the other element end, the elements response is elastic (which is also 
confirmed by the moment-curvature diagrams of slice 2, depicted in Figure 4.20 and 
Figure 4.22). 
Figure 4.19 to Figure 4.22 depict the comparison between the numerical and experimental 
moment-curvature diagrams plotted for the middle section of slice 1 and slice 2 in the 
beams and columns of specimen JPA-1. Figure 4.19 to Figure 4.22 also depict the 
comparison between the numerical results with and without considering bond-slip. The 
comparative analyses show that, by including the bond-slip effects in the numerical model: 
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i) The differences in maximum moment between the numerical and experimental 
results are reduced from 23% to 2% for the beams (from 36% to 10% in the 
negative moment direction), and from 32% to 6% for the columns. 
ii) For slice 1 in the beams, the differences in maximum curvature between the 
numerical and experimental results are reduced from 95% to 2% in the positive 
moment direction, and from 87% to 10% in the negative moment direction. For 
slice 1 in the columns, the differences in maximum curvature are reduced from 90% 
to 37% in one moment direction, and from 47% to 6% in the other moment 
direction. 
iii) The agreement between the numerical and experimental moment-curvature 
relationships of slice 2 is significantly improved for the beams and columns, both in 
terms of moment and curvature. 
It should be noted that, despite the better approximation to the experimental results 
attained by including bond-slip in the model of specimen JPA-1, the numerical results 
(namely the moment-curvature relationships determined for the beams) show the 
inadequacy of the models adopted for the rotational springs. More adequate models 
should be hence implemented in SeismoStruct, featuring a more refined envelope curve, 
as well as appropriate parameters to control the stiffness and strength degradations. 
  
Figure 4.19 - Moment-curvature diagrams of slice 1 in the beams of specimen JPA-1 (experimental and 
numerical with and without considering bond-slip). 
























































Figure 4.20 - Moment-curvature diagrams of slice 2 in the beams of specimen JPA-1 (experimental and 
numerical with and without considering bond-slip). 
  
Figure 4.21 - Moment-curvature diagrams of slice 1 in the columns of specimen JPA-1 (experimental and 
numerical with and without considering bond-slip). 
  
Figure 4.22 - Moment-curvature diagrams of slice 2 in the columns of specimen JPA-1 (experimental and 
numerical with and without considering bond-slip). 
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4.4 - SUMMARY 
This chapter addressed the numerical modelling of the cyclic behaviour of the two 
analogous beam-column joint specimens described in Chapter 3, one with plain reinforcing 
bars and the other with deformed bars. The analyses were carried out with the 
SeismoStruct software. A simple modelling strategy was adopted to incorporate the effects 
of bar slippage in the numerical model of the joint specimen with plain bars. 
The results of the comparative analyses underline the importance of accounting for the 
bond-slip mechanism in the numerical modelling of RC elements with plain reinforcing 
bars towards a more accurate simulation of the elements response. Moreover, it was 
highlighted the inadequacy of the current modelling strategies developed under 
assumptions established for elements with deformed bars to incorporate the effects of bar 
slippage in the analysis of elements with plain bars. This is particularly relevant for beam-
column joints, in which the bond-slip behaviour is complex and its influence on the joint 










CYCLIC TESTING OF A RC BEAM COLLECTED FROM AN 
EXISTING BUILDING STRUCTURE 
5.1 - INTRODUCTION 
This chapter addresses the cyclic test of a two-span RC beam with plain reinforcing bars 
that was collected from the Santa Joana Museum (an aggregate of ancient constructions, 
part of the cultural and historical heritage of the city of Aveiro, Portugal), in 2007, during 
the partial demolition of one of the museum’s buildings. The beam was located at the roof, 
had three supports symmetrically distributed (two spans with equal length) and was loaded 
by two vertical elements, one at each middle-span section of the beam, which gave support 
to the roof structure. In this chapter, the beam properties and the adopted test setup and 
procedure are described, and the main experimental results are presented and discussed. 
The test results and analyses presented in this chapter were partially published in the 
journal Periodica Polytechnica Civil Engineering [1]. 
5.2 - BEAM SPECIMEN 
5.2.1 - Geometrical characteristics and reinforcement detailing 
The beam was characterized by a 0.18x0.22 m
2
 rectangular cross-section and the total span 
was approximately equal to 8 m. The cross-section of the beam is depicted in Figure 5.1. 
Information about the steel reinforcement detailing and materials mechanical properties 
were not available. The number, diameter and position of the reinforcing bars, and the 
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concrete cover were estimated resorting to a rebar detector. The measurements were 
confirmed by the demolition of the beam after the cyclic test. The longitudinal steel 
reinforcement was continuous with 180º hooks, and consisted of 2ϕ12 plus 2ϕ10 
reinforcing bars at the bottom and 2ϕ12 reinforcing bars at the top. The transverse 
reinforcement consisted of ϕ8 stirrups at a spacing of about 180 mm. The stirrups were not 
closed, describing a U shape. The longitudinal and transverse reinforcement ratios, 
computed according to Eurocode 2 (EC2 [2]), are summarized in Table 5.1, where: dbl is 
the diameter of the longitudinal reinforcing bars; dbw is the diameter of the transverse 
reinforcing bars; ρl is the bottom longitudinal reinforcement ratio; ρl’ is the top longitudinal 
reinforcement ratio; ρtot is the total longitudinal reinforcement ratio; ρw is the transverse 
reinforcement ratio; and, s is the distance between transverse reinforcing bars. The mean 
value of concrete cover over transverse reinforcement was estimated equal to 22 mm. 
 





Figure 5.1 - Steel reinforcement detailing. 
Table 5.1 - Steel reinforcement detailing 



































5.2.2 - Materials 
Concrete 
Four cylindrical concrete samples were extracted from the beam after the cyclic test and 
subjected to compression tests conducted according to the NP EN 12504-1 standard [3]. 
The tests results are presented in Table 5.2, where L/D is the length-to-diameter ratio of the 
sample and fc is the concrete strength corresponding to the maximum load at failure. 
According to the “Standard Test Method for Obtaining and Testing Drilled Cores and 
Sawed Beams of Concrete” (ASTM C42/C42M [4]), for L/D values between 1.00 and 1.75 
the concrete strength must be multiplied by a correction factor (see Table 5.3). The 
correction factor estimated for each concrete sample and the corresponding corrected value 
of concrete strength (fc,cor) are also presented in Table 5.2. 
The mean value of concrete strength obtained in the compression tests is approximately 
equal to 19 MPa, with a coefficient of variation equal to 11%. The corresponding 
characteristic compressive strength was estimated in line with the NP EN 206-1 standard 
[5] and is equal to 16.8 MPa. Thus, the concrete can be included in the concrete grade 
C16/20 according to the EC2 classification. 
Table 5.2 - Results of the compression tests and correction of the concrete strength according to  








C1 0.85 20.9 0.83 17.5 
C2 1.36 19.4 0.94 18.4 
C3 0.80 26.6 0.82 21.9 
C4 1.71 17.6 0.98 17.2 
 
Table 5.3 - Strength correction factors for L/D values between 1.00 and 1.75 [4] 










Plain bars were used in the construction of the beam, as both longitudinal and transverse 
steel reinforcement. The steel mechanical properties were unknown. Bars samples were not 
available to perform tensile strength tests. 
5.2.3 - Comparison with modern codes requirements for earthquake resisting 
structures 
In this section a comparison is established between the reinforcement detailing of the RC 
beam under investigation and the rules given by Eurocode 8 - Part 1 (EC8-1 [6]). As stated 
in Chapter 3, some differences can be found between the EC8-1 provisions for medium 
ductility class (DCM) and those for high ductility class (DCH). Whenever necessary, 
comparison with the EC2 [2] provisions is also presented. It should be noted that for this 
analysis the beam was considered a primary seismic element according to the EC8-1 
classification. 
Regarding the longitudinal reinforcement, the EC2 and EC8-1 provisions are mainly 
satisfied. The amount of longitudinal reinforcement complies with the specifications of the 
two codes. However, for DCH, EC8-1 states that at least two high bond bars with 14 mm 
diameter should be provided both at the top and bottom of the beam that run along the 
entire length of the beam. 
To satisfy the necessary ductility conditions, among other requirements, EC8-1 states that 
the hoops diameter (dbw) within the critical regions of primary seismic beams should not be 
less than 6 mm and the spacing between hoops should not exceed the minimum value 
given by Equations (3.1) and (3.2) (for DCM and DCH respectively) in Chapter 3. The 
maximum spacing between beam transverse reinforcing bars is given by Equation (3.3) in 
Chapter 3. For the beam under investigation, the maximum allowable distance between 
transverse bars is equal to 55 mm and 138 mm according to EC8-1 and EC2 respectively. 
Therefore, in the beam, the distance between the transverse bars does not comply with the 




The anchorage of the transverse bars is not in accordance with EC8-1. The code specifies 
that for hoops used as transverse reinforcement, closed stirrups with 135º hooks and 
extensions of length 10dbw should be provided. 
In terms of material properties, EC8-1 stipulates that concrete grades lower than C16/20 
for medium ductility class (DCM) and C20/25 for high ductility class (DCH) should not be 
used in primary seismic elements. In addition, only ribbed bars should be used as 
reinforcing steel in critical regions of primary seismic elements (with the exception of 
closed stirrups and cross-ties). The concrete grade requirement is satisfied only for DCH. 
Plain bars were used as both longitudinal and transverse steel reinforcement hence against 
the code provisions. 
5.3 - TEST SETUP, LOADING PATTERN AND INSTRUMENTATION 
Figure 5.3 illustrates the test setup adopted for the cyclic test, which was carried out at the 
Civil Engineering Department of the University of Aveiro. Two spans and symmetrical 
support conditions were considered (Figure 5.2), simulating the support conditions of the 
beam observed at the museum. The loading conditions to which the beam was subjected at 
the museum were also taken into account. Accordingly, two vertical forces (F) with the 
same value and symmetrically positioned at the mid-span sections (left mid-span and right 
mid-span) were imposed on the beam resorting to two hydraulic servo-actuators. The 
servo-actuators were placed bellow the strong floor and the force transmission from the 
servo-actuators to the beam was made resorting to four X-shaped steel elements, two 
placed above the beam and the other two placed below the strong floor. Threaded steel bars 
were used to connect the top steel elements to the bottom steel elements. 
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Figure 5.3 - Test setup: a) schematics; b) general view. 
The quasi-static cyclic test was conducted under force controlled conditions. The adopted 
loading history is depicted in Figure 5.4. The forces were always descending, describing 
series of three loading-unloading cycles of increasing amplitude until a maximum force 
approximately equal to 25 kN, corresponding to the maximum capacity of the beam. The 
self-weight of the beam (approximately equal to 1/4-1/3 of the maximum force) is not 













Small differences were registered between the vertical forces imposed on the left and right 
spans. The maximum difference was equal to 3%. Larger force values were registered for 
the right span. The loading history represented in Figure 5.4 corresponds to the average 
between the forces imposed on the left and right spans. 
 
Figure 5.4 - Vertical loading history. 
Fourteen draw wire displacement transducers were placed along the beam to monitor the 
vertical displacements. Dial indicators placed at the support regions were used to estimate 
the rotation of the beam at the supports. The vertical displacements and rotations 
monitored in the cyclic test are indicated in Figure 5.5, where: dl and dr are the left span 
deflection and right span deflection respectively; θl and θr are the beam rotations measured 
at the left and right supports respectively; and, θm,l and θm,r are the beam rotations 
measured at the left and right sides of the middle support respectively.  
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5.4 - TEST RESULTS 
5.4.1 - Force-deflection diagrams 
Figure 5.6 shows the force-deflection diagrams plotted for the left and right mid-span 
sections of the beam. Despite the symmetrical conditions in terms of the geometry of the 
beam, support conditions and imposed loading, the beam response was not symmetric. In 
comparison to the left span, the right span displayed slightly larger force values and 
stiffness, and significantly lower mid-span displacements. This can be related to 
differences in the geometrical characteristics (namely spans length), support conditions, 
material properties, reinforcement detailing, and eventual pre-existing minor damage, 
implying not perfectly symmetrical distribution of stiffness and strength. 
 
Figure 5.6 - Force-deflection diagrams. 
5.4.2 - Beam deflection and deformed shape, and rotation at supports 
Figure 5.7 shows the evolution of the left span deflection and right span deflection 
recorded by the displacement transducers. The two spans exhibited a similar deflection 
approximately up to the onset of cracking at the mid-span sections. Afterwards, the left 
span deflection began to increase significantly in comparison to the right span deflection. 
At the end of the test the left span deflection and right span deflection were equal to 0.12 m 
and 0.03 m respectively. Figure 5.8 illustrates the general evolution of the beam’s 
deformed shape. 














































Figure 5.7 - Evolution of the spans deflection. 
 
Figure 5.8 - Evolution of the beam’s deformed shape. 
The readings of the dial indicators that were placed at the support regions were used to 
estimate the rotation of the beam at the two external supports. The rotation of the beam at 
the middle support could not be properly estimated. The damage developed in the middle 
support region affected the readings of the corresponding dial indicators. 
Since the beam deformation in the vicinities of the external supports was minor, the 
rotation of the beam at these points was computed considering rigid the beam slice 
between the external support and the first displacement transducer. The corresponding 
force-rotation (absolute values) diagrams are depicted in Figure 5.9. The rotations are 
similar up to the point at which significant differences between the left span deflection and 
right span deflection began to be observed. The maximum rotation of the beam at the left 
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Figure 5.9 - Force-rotation (absolute values) diagrams for the left and right supports. 
5.4.3 - Damage observed 
Damage was concentrated in three short plastic hinge regions, being characterized by a low 
number of cracks with large opening. Cracking outside the plastic hinge regions was 
negligible. The onset of cracking was registered at the middle support region for a vertical 
displacement equal to 3.5 mm in the left and right mid-span sections. The onset of cracking 
at the left and right mid-spans occurred in the following loading-unloading cycle for a mid-
span displacement equal to 4 mm. 
Figure 5.10 illustrates the location of the plastic hinges with indication of the 
corresponding observed length. The first hinge was developed at the middle support, the 
second hinge at the left mid-span, and the third hinge at the right mid-span. 
The reduced length of the plastic hinges and the limited crack spreading are consequence 
of the relative slippage between the longitudinal reinforcing bars and the surrounding 
concrete resulting from bond degradation. 
 
Figure 5.10 - Location and length of the plastic hinges. 









































The observed crack pattern suggests flexural failure. The shear strength of the beam, 
computed according to EC2, is equal to 61 kN hence 2.4 times the maximum load imposed 
on the beam (25 kN). Thus, it is concluded that shear failure did not occur. 
5.4.4 - Energy dissipation 
Figure 5.11 depicts the evolution of the total energy dissipated by the beam during the 
cyclic test, computed from the force-deflection diagrams plotted for the left and right mid-
span sections, and equal to the cumulative sum of the energy dissipated in each cycle. 
Since the mid-span displacement demands imposed on the left span were larger than those 
imposed on the right span, the left span had a more significant contribution to the total 
energy dissipation than the right span. 
 
Figure 5.11 - Evolution of the total energy dissipated by the beam. 
5.5 - SUMMARY 
In this chapter was discussed the experimental investigation of the cyclic behaviour of a 
two-span RC beam with plain reinforcing bars that was collected from an ancient building 
structure. Symmetrical geometrical and support conditions were considered in the cyclic 
test. The beam was subjected to symmetrical unidirectional cyclic loads imposed at the two 
mid-span sections under force controlled conditions. The analysis of the test results shows 
that: 
 The beam deformation was asymmetric. Differences in stiffness and strength were 
also observed between the left and right spans. The observed differences are 
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support conditions, material properties and reinforcement detailing, and to eventual 
pre-existing minor damage. 
 The beam displayed a flexural failure, characterized by wide cracks concentrated in 
three short plastic hinges developed in the regions of maximum bending moments. 
 The limited damage distribution and reduced plastic hinge lengths confirm the 
occurrence of significant relative slippage between the longitudinal reinforcing bars 



















NUMERICAL MODELLING OF THE BEAM 
6.1 - INTRODUCTION 
This chapter addresses the numerical modelling of the cyclic behaviour of the RC beam 
described in Chapter 5. A nonlinear fibre-based model of the beam was built using the 
Open System for Earthquake Engineering Simulation (OpenSees [1]) software. The 
support and loading conditions imposed in the cyclic test were reproduced in the model. 
Bond-slip effects were taken into account resorting to a method proposed in OpenSees for 
simulating bar slippage. The results of the cyclic test were used to calibrate the model. 
The adopted modelling strategy is described. Comparison is established between the 
numerical and experimental results to analyse the capacity of the model to simulate the 
beam response. The contribution of the bond-slip mechanism to the beam deformation is 
analysed by comparing the numerical results, considering and not considering bond-slip, 
with the experimental results. 
The numerical analyses described in this chapter were partially published in the journal 
Engineering Structures [2]. 
6.2 - NUMERICAL MODEL OF THE BEAM 
6.2.1 - Modelling strategy 
The numerical modelling was carried out using OpenSees, an object-oriented open-source 
software framework for simulation of the seismic response of structural and geotechnical 
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systems using finite element methods. A wide range of material models, elements and 
solution algorithms are available in OpenSees. 
Figure 6.1 depicts the numerical model adopted to simulate the beam response. The model 
is constituted by BeamWithHinges elements and Zero-length Section elements, the cross-
sections of which are idealized through fibre modelling. The elements are hence 
represented by unidirectional steel and concrete fibres to which are assigned the proper 
material stress-strain relationships describing the material’s monotonic response and 
hysteretic rules. A general description of the BeamWithHinges and Zero-length Section 
elements is presented in the next two sub-sections. 
 
Figure 6.1 - Numerical model adopted for the RC beam (adapted from [3]): elements’ location and 
dimensions, plastic hinge lengths, and cross-section of the beam. 
Beam/column elements 
Two main types of nonlinear beam/column elements are available in OpenSees: force-
based elements, with distributed plasticity or concentrated plasticity with elastic interior; 
and, displacement based elements with distributed plasticity and linear curvature 
distribution. As stated in Chapter 5, the damage in the beam was concentrated in the plastic 
hinge regions. Therefore, BeamWithHinges force-based elements with plasticity 
concentrated over specified hinge lengths at the elements ends were adopted for 
representing the beam in the numerical model. Each BeamWithHinges element is divided 
in three parts (see Figure 6.2): two hinges at the ends, and a linear-elastic region in the 
middle. The hinges are defined by assigning to each a previously-defined section. The 
length of each hinge is specified by the user. The integration points are localized in the 
hinge regions (two integration points per hinge region). 
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In the numerical model of the beam, the total length of each BeamWithHinges element was 
made equal to the effective distance between the corresponding points of support in the 
cyclic test. The plastic hinge lengths were made equal to the values estimated in the cyclic 
test (see Figure 6.1): 0.14 m for the hinge at the left mid-span; 0.05 m for the hinge at the 
middle support region; and, 0.15 m for the hinge at the right mid-span. 
Zero-length Section element 
A zero-length section element is a fibre discretization of the cross-section of a structural 
element, and is generally used for section analyses to calculate the moment-curvature 
responses. The Zero-length Section element in OpenSees, placed at the end of a 
beam/column element, can be used to incorporate the fixed-end rotation caused by strain 
penetration to the beam/column element [4, 5]. The element is assumed to have a unit 
length such that the element deformation (for example, elongation and rotation) is equal to 
the section deformation (for example, axial strain and curvature). The unit length 
assumption also implies that the material model for the steel fibres in the Zero-length 
Section element represents the bar slip, instead of strain, for a given bar stress. Therefore, a 
specific material model, defined by a bar stress versus slip relationship (see Section 6.2.2), 
should be assigned to the steel fibres in the Zero-length Section element. 
A duplicate node (that is, two nodes with the same coordinates as shown in Figure 6.2) is 
required between the beam-column element and the Zero-length Section element. The 
translational degree-of-freedom of one node to the other must be constrained to prevent 
sliding of the beam/column element under lateral loads, because the shear resistance is not 
included in the Zero-length Section element. 
In the numerical model of the beam, Zero-length Section elements were placed between the 
BeamWithHinges elements hence concentrating the bond-slip effects in the plastic hinge 
regions. 




Figure 6.2 - Beam/column element BeamWithHinges linked to the Zero-length Section element. 
 
6.2.2 - Material models 
Concrete 
Figure 6.3 depicts the concrete material models (Concrete01 and Concrete02) that were 
assigned to the concrete fibres in the numerical model of the beam. The Concrete01 model 
displays degraded linear unloading/reloading stiffness and no tensile strength. The 
Concrete02 model displays tensile strength and linear tension softening. The models 
parameters are: compressive strength (fc); strain at compressive strength (ε0); crushing 
strength (fu); and, strain at crushing strength (εu). In addition, Concrete02 has also as model 
parameters: the ratio between unloading slope at (fu , εu) and initial slope (λ); the tensile 
strength (ft); and, the tension softening stiffness (Et). 
The Concrete02 model was assigned to the BeamWithHinges elements. The Concrete01 
model was assigned to the Zero-length Section elements. The values adopted for the 
corresponding model parameters are presented in Table 6.1. The compressive strength of 
the unconfined concrete was made equal to the mean value of strength obtained in the 
compression tests, equal to 19 MPa. The crushing strength of the confined and unconfined 
concrete was made equal to 50% and 60% respectively of the maximum strength registered 

















Figure 6.3 - Concrete01 and Concrete02 material models (adapted from [4]). 
Table 6.1 - Values adopted for the Concrete01 and Concrete02 models parameters 
Concrete E (GPa) fc (MPa) 0 (‰) fu (MPa) u (‰) ft (MPa) 0t (‰) 
Unconfined 18.5 19.0 2.0 9.5 7.0 1.2 0.12 
Confined 17.9 19.2 2.1 11.5 33.0 1.2 0.12 
 
The relationship between the mechanical properties of the unconfined and confined 
concrete was established based on the model proposed in Guedes [6], depicted in Figure 
6.4. The corresponding behaviour rules are expressed by Equations (6.1) to (6.5), where: 
σc0 and σc0* are the compressive strength of the confined and unconfined concrete 
respectively; εc0 and εc0* are the strain at compressive strength of the confined and 
unconfined concrete respectively; Z and Z* are the slope of the softening branch of the 
confined and unconfined concrete respectively; and, β is the confinement factor. The 
confinement factor is computed using Equation (6.5), where α is a parameter that expresses 
the effect of the longitudinal bars and the density of the stirrups on the degree of 
confinement of the core concrete, and ωw is the mechanical volumetric ratio of the stirrups. 
Parameter α is calculated using Equation (6.4), where: n is the number of longitudinal bars 
on the perimeter of the cross-section that are placed in an angle of a stirrup; bc and hc are 
the dimensions of the confined concrete measured from the centreline of the stirrups; and s 
is the distance between stirrups along the member axis. For the RC beam under 
investigation, Equation (6.5) gives a small value of confinement factor, equal to 1.01. 
Therefore, the confined and unconfined concrete are assumed to have similar behaviour in 
terms of maximum strength and corresponding strain, as well as similar post-peak 
behaviour. As stated in Chapter 5, the detailing of the transverse steel reinforcement in the 
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National design code in force at the time of the beam erection (RBA [7]) the transverse 
reinforcement was normally designed only for shear resistance. The confinement effect 
provided by the closed stirrups was not a concern in those codes. 
00 cc *     (6.1) 
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Figure 6.4 - Confinement effect in the concrete according to Guedes [6]. 
Steel reinforcement 
The Steel02 and Bond_SP01 models were assigned to the steel fibres in the 
BeamWithHinges elements and Zero-length Section elements respectively. The Bond_SP01 
model is defined by the bar stress-slip relationship described in the following section. 
The Steel02 model is based on the model initially proposed by Giuffré and Pinto and 
implemented by Menegotto and Pinto [8], with isotropic strain hardening (see Figure 4.3 in 
Chapter 4). The Steel02 model parameters are: steel yield strength (fy); initial elastic 
tangent (E0); strain-hardening ratio (b, equal to ratio between post-yield tangent E1 and 




branches (R0, cR1 and cR2); isotropic hardening parameters (a1, a2, a3 and a4); and, initial 
stress (σ0). 
Table 6.2 gives the values adopted for the Steel02 model parameters in the numerical 
model of the beam. As stated in Chapter 5, the mechanical properties of the plain 
reinforcing bars were unknown. The best agreement between the numerical and 
experimental results was obtained considering the steel yield strength equal to 260 MPa. 
The strain-hardening ratio was made equal to zero, which represents the typical yielding 
plateau with large deformation for hot rolled steel. For the parameter R0, the Menegotto-
Pinto model suggests a value of 20. In the beam calibrated model this parameter was made 
equal to 16.5. Isotropic hardening was not considered. 
Table 6.2 - Values adopted for the Steel02 model parameters 
Model parameter Recommend value/range Adopted value 
fy - 260 MPa 
E - 200 GPa 
b - 0 
R0 10 - 20 16.5 
cR1 0.925 0.925 
cR2 0.15 0.15 
σ0 - 0 
 
Bar stress-slip model 
Focusing on column and wall longitudinal bars anchored in footings and bridge joints, the 
bar stress versus slip constitutive model (Bond_SP01 in OpenSees) shown in Figure 6.5 
was proposed by Zhao and Sritharan [5] for the steel fibres in the Zero-length Section 
element. The model was developed based on measured bar stress and loaded end slip from 
pullout tests of well-anchored deformed steel reinforcing bars. The corresponding 
hysteretic rules were established using the results of cyclic pullout tests and cyclic tests on 
RC columns. The proposed methodology was used by Zhao and Sritharan [5] to simulate 
the cyclic response of two concrete cantilever columns and a bridge tee-joint system. 
Based on the comparisons established between the numerical and experimental results, the 
authors state that the strain penetration effects should not be ignored in the analysis of 
concrete members, and that the Zero-length Section element incorporating the proposed 
constitutive model for the steel fibres can be used in nonlinear fibre-based analysis to 
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accurately capture the strain penetration effects (namely bar slippage) and thus the global 
and local responses of concrete flexural members. 
The Bond_SP01 model parameters are: steel yield strength (fy); steel ultimate strength (fu); 
slip at yield strength (sy); slip at ultimate strength (su); initial hardening ratio (b); and, 
pinching factor for the cyclic bar stress-slip relationship (R). The slip values sy and su are 
determined using Equations (6.6) and (6.7) respectively, where: db is the bar diameter; fc is 
the concrete compressive strength; and, α is a tuning parameter used for adjusting the local 
bond stress-slip relationship. In the model proposal, α is made equal to 0.4 similarly to 
what is suggested in the bond-slip model for deformed bars proposed by the CEB-FIP 
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Figure 6.5 - Bar stress-slip model proposed by Zhao and Sritharan [5]: a) envelope curve;  
b) hysteretic response. 
The Bond_SP01 model was assigned to the steel fibres in the Zero-length Section elements. 
Table 6.3 gives the values adopted for the model parameters in the numerical model of the 
beam. As previously stated, the model was developed for well-anchored deformed 
reinforcing bars. The beam under investigation was built with plain reinforcing bars and, 




assumed. Taking into account the type of steel reinforcement (plain bars), parameter α was 
increased from 0.4 to 0.5 according to the specifications of CEB-FIP Model Code 90 [9]. 
Regarding the other model parameters, the best agreement between the numerical and 
experimental results was achieved considering the maximum value recommended for the 
ultimate slip (su = 40sy) and the minimum value recommended for the initial hardening 
ratio (b = 0.3). 
Table 6.3 - Values adopted for the Bond_SP01 model parameters 
Model parameter Recommended value/range Adopted value 
fy - 260 MPa 
fu - 360 MPa 
sy - 0.4433 
su 30sy - 40sy 40sy (mm) 
b 0.3 – 0.5 0.3 
R 0.5 – 1.0 0.80 
 
6.2.3 - Loading pattern 
In the cyclic test, the beam was tested under force-controlled symmetrical loading 
conditions. However, as stated in Chapter 5, the beam response was not symmetric, namely 
in terms of mid-span displacements. Therefore, in the numerical model of the beam, 
instead of imposing equal vertical forces as in the cyclic test (which would lead to a 
symmetrical numerical response), it were imposed the vertical displacement histories 
recorded at the mid-span sections (dl and dr in Figure 6.6). 
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6.3 - COMPARISON BETWEEN NUMERICAL AND EXPERIMENTAL RESULTS 
6.3.1 - Force-displacement diagrams 
Figure 6.7 establishes the comparison between the numerical and experimental force-
displacement diagrams of the left mid-span and right mid-span sections of the beam. A 
good agreement between the numerical and experimental results is shown both in terms of 
maximum force and stiffness. 
  
(a) (b) 
Figure 6.7 - Force-displacement diagrams (numerical and experimental): a) left mid-span section;  
b) right mid-span section. 
Plotting together the numerical force-displacement diagrams of the left and right mid-span 
sections (Figure 6.8) it is observed that the two spans display similar maximum force equal 
to about 25 kN, as in the cyclic test. For a given level of imposed displacement the 
unloading stiffness of the right span is larger than that of the left span, which is also in 
agreement with the experimental results. It should be noted that the comparative analysis in 
Figure 6.8 is presented for displacement values up to the maximum displacement imposed 
on the right span (equal to 0.03 m). 
























































Figure 6.8 - Numerical force-displacement diagrams of the left mid-span and right mid-span sections. 
6.3.2 - Damage evolution 
For better understanding the damage evolution and its influence on the global response of 
the beam, the stress versus imposed displacement diagrams were computed for the 
concrete and steel and confronted with the numerical force-displacement diagrams 
previously shown in Figure 6.7. The results of this comparative analysis are illustrated in 
Figure 6.9 where the force-displacement diagrams of the left mid-span and right mid-span 
sections are plotted with indication of the points corresponding to the onset of cracking, 
yielding of the reinforcing bars and concrete crushing. 
Similarly to what was observed in the cyclic test, in the numerical model the onset of 
cracking occurs first at the middle support region, second and almost simultaneously at the 
left mid-span, and third at the right mid-span. The early cracking stage does not show an 
important influence on the global force-displacement relationships. The numerical results 
suggest that yielding of the longitudinal reinforcing bars is the damage state that followed 
the onset of cracking: first, yielding of the top bars at the middle support section; second, 
yielding of the bottom bars at the left mid-span section; and third, yielding of the bottom 
bars at the right mid-span section. For larger displacement demands the model suggests 
that compressive crushing of concrete took place at the middle support section, left mid-
span section, and right mid-span section in that order. Despite the large deformation 
demands imposed on the left span, rupture of steel did not occur, what is considered to be 
due to the occurrence of relative slippage between the longitudinal reinforcing bars and the 
surrounding concrete. 

































A – Onset of concrete cracking at the middle support section 
B – Onset of concrete cracking at the mid-span section 
C – Yielding of the top steel bars at the middle support section 
D – Yielding of the bottom steel bars at the mid-span section 
E – Compressive crushing of the unconfined concrete at the middle support section 
F – Compressive crushing of the unconfined concrete at the mid-span section 
G – Compressive crushing of the confined concrete at the middle support section 
H – Compressive crushing of the confined concrete at the mid-span section 
RC – Ultimate Rotation Capacity 
Figure 6.9 - Damage evolution at: a) left mid-span section; b) right mid-span section. 
Figure 6.9 also indicates the theoretical value of ultimate rotation capacity of the beam 
computed according to Eurocode 8 - Part 3 (EC8-3 [10]) using Equation (3.17). Details 
about the method used by EC8-3 to compute the ultimate rotation capacity of RC elements 

































A         


























































































with plain reinforcing bars were provided in Chapter 3. Table 6.4 presents the values 
adopted/estimated for the parameters involved in the computation. The beam was 
considered a primary seismic element hence parameter γel in Equation (3.17) was made 
equal to 1.5. The correction coefficient was made equal to 0.575, as specified by EC8-3 for 
elements without lap-splices. The ultimate rotation capacity of the beam was estimated 
equal to 0.023 rad. Figure 6.9 shows that the theoretical value of ultimate rotation capacity 
occurs after yielding of the reinforcing bars and crushing of the unconfined concrete. 
As stated in Chapter 3, the ultimate rotation capacity is generally evaluated referring to a 
fixed reduction in strength, usually equal to 20% [11]. Therefore, since strength 
degradation was not observed in the beam response, the experimental values of ultimate 
rotation capacity could not be determined. Only the maximum values of rotation were 
estimated, being equal to 4.8 times and 2.8 times the theoretical value of ultimate rotation 
capacity, for the left span and right span respectively. 
Table 6.4 - Parameters involved in the computation of the ultimate rotation capacity of the beam  
according to EC8-3 
γel ν ω  ω' fc (MPa) Lv/h α ρsx fyw ρd 
1.5 0.21 0.132 0.078 23.8 9.09 0.071 0.003 260 0 
 
6.3.3 - Energy dissipation 
Figure 6.10 compares the numerical and experimental evolutions of total dissipated energy. 
The results show an excellent experimental-numerical agreement, featuring a maximum 
difference of about 1.7%. 
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6.4 - ANALYSIS OF THE RESPONSE AT LOCAL LEVEL 
The numerical model was used to analyse other features of the beam response, namely in 
terms of moment-curvature relationships, and stress and strain in the concrete and steel. 
6.4.1 - Evolution of bending moments 
Figure 6.11 represents the evolution of the bending moments computed at the middle 
support, left mid-span and right mid-span sections. Figure 6.11 also shows the theoretical 
values of flexural strength for sagging and hogging moments (Msag and Mhog respectively) 
determined according to Eurocode 2 (EC2 [12]). Table 6.5 compares the theoretical values 
of strength with the numerical values of maximum moment. A good agreement was found 
between the numerical and theoretical values, underlining the adequacy of the numerical 
model. Figure 6.11 shows that when the flexural strength for hogging moments is reached 
at the middle support section, the bending moment at the left and right mid-span sections is 
about 68% of the flexural strength determined for sagging moments. Therefore, sagging 
bending moments of larger magnitude could still be developed at the left and right mid-
span sections. 
Figure 6.12 depicts the bending moment diagrams computed for the loading steps 
corresponding to the onset of cracking and yielding of the reinforcing bars at the middle 
support and mid-spans sections. Figure 6.12 also depicts the bending moment diagrams 
obtained with a linear elastic analysis to illustrate the redistribution of bending moments 
within the nonlinear response. The moment redistribution is not significant until yielding 
of the longitudinal bars occurs at the middle support section, that is, when the beam 





Figure 6.11 - Evolution of bending moments. 
Table 6.5 - Comparison between the beam flexural strength computed according to EC2 and the numerical 
values of maximum moment 
 
Flexural strength for sagging 
moments (kN·m) 
Flexural strength for hogging 
moments (kN·m) 
EC2 16.1 10.0 
Numerical 17.2 11.2 
Difference (%) 6% 11% 
 
 









































A - Onset of concrete cracking at the
middle support section
B - Onset of concrete cracking at the
mid-span sections
C - Yielding of the top steel reinforcement
at the middle support section
D - Yielding of the bottom steel
reinforcement at the left mid-span section
E - Yielding of the bottom steel
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6.4.2 - Moment-curvature diagrams 
Figure 6.13 depicts the moment-curvature diagrams plotted for the middle support section 
(left and right sides) and mid-span sections. Up to the occurrence of yielding of the steel 
reinforcement in the middle support section, the moment-curvature relationships are linear 
and similar. Regarding the unloading and reloading branches of the cyclic response, the 
moment-curvature relationships are linear and the stiffness is similar to the stiffness of the 
initial branch. The curvature of the left and right mid-span sections corresponding to the 











Figure 6.13 - Moment-curvature diagrams. 
6.4.3 - Evolution of the neutral axis position 
Figure 6.14 depicts for the middle support section and left and right mid-span sections the 
shifting of the neutral axis position in relation to the geometric gravity centre of the cross-
section. This allows identifying at each time step which part of the concrete cross-section 
is compressed. The onset of cracking at the middle support and the yielding of the bottom 
steel reinforcement at the mid-spans (both marked in Figure 6.14) are shown to be the 
damage states to which are associated the most abrupt changes in the position of the 
neutral axis. Up to the onset of cracking the neutral axis is located below the geometric 
gravity centre of the cross-section due to the differences in total area of steel between the 
top and bottom longitudinal bars. Within the unloading and reloading branches, the 
maximum variation in the neutral axis position was estimated equal to about 6 mm. After 
concrete crushing occurs at the left and right mid-span sections, the neutral axis stabilizes 
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at a position close to the gravity centre of the longitudinal reinforcing bars under 
compression and confined-unconfined concrete interface. 
 
Figure 6.14 - Evolution of the neutral axis position. 
6.4.4 - Stress-strain diagrams 
Table 6.6 shows the stress and strain distributions in the cross-section of the beam 
(concrete and steel) at the time steps corresponding to the main damage states referred in 
the previous sections. The diagrams are plotted for the left mid-span section. 
The stress diagrams are roughly symmetrical until the onset of cracking. Afterwards, the 
stress in the bottom longitudinal bars is significantly increased, reaching the yielding state 
but not failure. The confined and unconfined concrete reach the concrete compressive 
strength. 
At the confined-unconfined concrete interface, the unconfined concrete tends to display 
larger maximum strain demands than the confined concrete. This is related to the position 
of the neutral axis in the last cycles, which is close to the longitudinal reinforcing bars 
under compression and, therefore, to the confined-unconfined concrete interface. 
The linearity of the stress diagrams is in agreement with the plane section assumption for 




































A - Onset of concrete cracking at the middle support section
D - Yielding of the bottom steel reinforcement at the mid-span section
F - Compressive crushing of the unconfined concrete at the mid-span section
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Table 6.6 - Stress and strain distributions in the cross-section of the beam (left mid-span section) 
Damage Strain distribution (‰) 
Stress distribution (MPa) 
Concrete Steel 
0 - Before cracking (no 
damage) 
   
A – Onset of concrete 
cracking at the middle support 
   
B – Onset of concrete 
cracking at the left mid-span 
section 
   
C - Yielding of the top steel 
bars at the middle support 
   
D - Yielding of the bottom 
steel bars at the left mid-span 
section 
   
D - Yielding of the bottom 
steel bars at the right mid-span 
section 
   
E - Compressive crushing of 
the unconfined concrete at the 
middle support section 
   
F - Compressive crushing of 
the unconfined concrete at the 
left mid-span section 
   
F - Compressive crushing of 
the unconfined concrete at the 
right mid-span section 
   
G - Compressive crushing of 
the confined concrete at the 
middle support 
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6.5 - BOND-SLIP INFLUENCE 
Figure 6.15 depicts the relative contributions of the bond-slip mechanism and bending to 
the total mid-span displacements, determined from the numerical results. The shear 
influence is not significant and is included in the parcel corresponding to bending. The 
results show that the importance of bond-slip increases as the mid-span displacements 
increase. For the imposed loading conditions, the initial relative contribution of bond-slip 
is equal to about 10% for both the left and right spans. For the maximum mid-span 
displacement imposed on the beam, the relative contribution of bond-slip rises to 85% and 
45% for the left span and right span respectively. Confronting the diagrams of Figure 6.15 
with the force-displacement diagrams in Figure 6.7 it is observed that the bond-slip 




Figure 6.15 - Relative contributions of bond-slip and bending to the mid-span displacement of the: 
a) left span; b) right span. 
For better understanding the importance of considering the bond-slip effects towards a 
more accurate simulation of the beam response, an additional numerical analysis was 
conducted without considering bond-slip, that is, without the Zero-length Section elements 
in the model. Figure 6.16 compares the experimental force-displacement diagrams with the 
numerical diagrams obtained with and without considering bond-slip. The corresponding 
diagrams of energy dissipation are depicted in Figure 6.17. The force-displacement 
diagrams show that, even if the maximum force is achieved whether considering or not 
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considering the bond-slip mechanism, the stiffness is overestimated when bond-slip is 
neglected. The total energy dissipated by the beam is also overestimated. The maximum 
difference in total dissipated energy between the numerical and experimental results rises 
from 1.7% to 10% when bond-slip is not taken into account. 
  
(a) (b) 
Figure 6.16 - Force-displacement diagrams (experimental and numerical with and without bond-slip): 
a) left mid-span section; b) right mid-span section. 
 
Figure 6.17 - Evolution of the total dissipated energy (experimental and numerical 
with and without bond-slip). 
6.6 - SUMMARY 
This chapter addressed the numerical modelling of the cyclic behaviour of the RC beam 
described in Chapter 5. The numerical analyses were carried out using OpenSees. The bar 
stress-slip model available in OpenSees was implemented in the model in order to account 
for the bond-slip effects. The adequacy of the model to simulate the beam response was 






















































































analysed by comparing the numerical and experimental results. An additional numerical 
analysis was conducted without taking into account the bond-slip effects, and new 
comparison was established between the numerical results (with and without considering 
bond-slip) and the experimental results. The main conclusions taken from the conducted 
analyses were: 
 The good agreement registered between the numerical and experimental results, in 
terms of force-displacement diagrams (initial stiffness, maximum strength, 
unloading-reloading internal cycles), energy dissipation and damage evolution, 
shows that the global behaviour of the beam is well represented by the numerical 
model when bond-slip is considered. 
 The relative contribution of the bond-slip mechanism to the overall deformation of 
the beam increases with the mid-span displacements. For the maximum mid-span 
displacements, approximately 85% of the left span deflection and 45% of the right 
span deflection are due to bar slippage. 
 When bond-slip is not taken into account in the numerical model, the strength 























CHAPTER 7  
CONCLUSIONS AND FUTURE RESEARCH 
7.1 - CONCLUSIONS 
This thesis presented the experimental and numerical assessment of the cyclic behaviour of 
RC structural elements built with plain reinforcing bars and lacking specific detailing for 
seismic demands. Particular focus was put on the influence of the concrete-steel bond 
properties, namely, on the bond-slip mechanism. 
The results of the experimental tests conducted in the framework of the thesis highlight the 
key role of the concrete-steel bond properties on the cyclic response of RC elements with 
plain reinforcing bars. The influence of bond was particularly relevant on the damage 
distribution in the tested specimens. Regarding, in particular, the results of the cyclic tests 
on the joint specimens, the strength was conditioned by the poor bond properties of plain 
bars. The Eurocode 2 expressions did not provide a good estimate of the elements’ strength 
hence underlining the need for specific formulations to properly estimate the strength 
capacity of RC elements with plain bars. 
The results of the numerical analyses carried out to simulate the response of the tested 
specimens confirm the need of taking into account the effects of the bond-slip mechanism 
towards a more accurate simulation of the cyclic response of RC structural elements with 
plain reinforcing bars. Concerning, in particular, the numerical analysis of the joint 
specimens, the results underline the inadequacy of current models established for elements 
with deformed bars to simulate the response of elements with plain bars. It is therefore 
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highlighted the need for specific models to account for the effects of bar slippage in the 
presence of plain bars. 
The results obtained in the framework of this thesis contribute to the advance of knowledge 
about the cyclic behaviour of RC elements with plain reinforcing bars. Besides 
contributing to expand and improve the available experimental database on the subject, the 
data provided by the experimental tests can be used to calibrate and upgrade available 
models for simulating the behaviour of this type of elements, or to develop new ones. 
7.2 - FUTURE RESEARCH 
Considering the recognized lack of information regarding the cyclic behaviour of RC 
structural elements with plain reinforcing bars, and bond performance itself between 
concrete and plain bars, the research needs regarding this type of elements are vast. In 
addition to being scarce, the experimental data available in the literature presents some 
discrepancies. In this way, there is a marked need for more experimental evidence in order 
to understand more comprehensively the cyclic behaviour of RC elements with plain 
reinforcing bars. The experimental work presented in this thesis contributed only to a small 
part of the identified needs. As future research work, it would be interesting to: 
i) Extend the experimental programme to other beam-column joint typologies, namely 
exterior tee-joints, and also to RC columns. This would imply some modifications 
to the current test setup. 
ii) Investigate the influence of other important parameters, like: presence and amount 
of joint transverse reinforcement, anchorage of the longitudinal reinforcing bars in 
beam-column joints (namely in exterior joints) and column footings, presence and 
detailing of lap-splices, and presence of transverse beams and slabs. 
iii) Investigate the influence of varying axial load and of bi-directional loading. 
iv) Test RC structural elements with plain reinforcing bars collected from existing 
structures. 
v) Calibrate and improve available numerical models, based on the data provided by 




vi) Propose new analytical expressions adequate to estimate the strength capacity of 
RC elements with plain reinforcing bars, based on a comprehensive analysis of test 
results concerning this type of elements. 
vii) Collect and analyse information about the models available in the literature that 
include bond-slip effects; assess their inadequacy to simulate the cyclic behaviour 
of RC elements with plain reinforcing bars; identify the major shortcomings of 
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